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GENERAL INTRODUCTION
According to an initial survey done by a group of Iowa State
scientists in 1987, an area of about 10 acres in the northwestern corner
of the Iowa State University research center near Ankeny, Iowa, was the
best alternative for a dual subsurface irrigation system funded by a
special appropriation of the state legislature. This site was selected
based on soil properties, availability of the site, equipment, public
assess, distance from the university, and previous land use.
The area selected to evaluate this system is located in the
Clarion-Nicollet-Webster soil association area, the largest soil
association in the state of Iowa. The survey report issued in 1960 by
USDA with a scale of 1:15840 showed that Nicollet soil, a nearly level
to gently sloping, somewhat poorly drained upland soil formed in
Wisconsin age till, occurs almost over the entire project area.
However, a more detailed survey with a larger scale by the author
revealed greater soil variability.
The Clarion-Nicollet-Webster soil association occupies over 20%
of the area of Iowa. The major differences among soils are those
associated with various degrees of wetness. Since the water table is
naturally shallow to very shallow in this soil association, over 50%
of the soils are artificially drained. However, the intensive use of
inputs, fertilizers and pesticides, has caused some serious pollution
problems to the surface as well as to the groundwater, so an investi
gation was initiated in 1987 by Iowa State scientists to study the
feasibility of a patented dual subsurface irrigation system. In this
system, the basic idea is that by recycling of drainage water not only
the efficiency of inputs increases but also their pollution effects will
be alleviated.
Therefore, a relatively complete and detailed knowledge of the soil
properties and their spatial variability, landscape as well as the
properties of the underlying materials is essential for the water
management, pollution control, higher efficient use of the inputs as
well as higher yield to compensate for the relatively high cost of the
installation. The proposed objectives of this study are to;
1. Characterize the landscape and associated major soils in the
Clarion-Nicollet-Webster soil association in the study area.
2. Evaluate the selected soil properties and the possible limita
tions in relation to the system management.
3. Study the hydrological and physical properties of the
substratum materials in relation to water table management.
4. Study the spatial variability of selected properties important
to system management by use of conventional as well as geosta-
tistical techniques.
PART I: CHARACTERIZATION OF THE SOILS AND
LANDSCAPE IN A SUBSURFACE IRRIGATION
STUDY IN ANKENY, IOWA
INTRODUCTION
Landscape evolution, stratigraphy, soil forming factors, morpho
logical properties, and selected properties of the major soils (Clarion,
Nicollet, and Webster) mapped in the study area will be addressed.
Stratigraphy and Landscape Evolution of Gary Till
of the Des Moines Lobe (DML)
Cary Till is a part of the late Wisconsinan and the youngest
glacial deposits in Iowa (Figure 1). These materials have a calcareous
reaction and have loamy textures. The landscape in this area has young
georaorphic features and landforms (Walker, 1966). Ruhe and Scholtes
(1957) reported that the postglacial environment fluctuated and periodic
erosion and deposition occurred, and hence shaped the landscape. The
modern topography of the Des Moines Lobe is the result of these
processes. Radiocarbon data published by Ruhe and Scholtes (1957)
revealed that the last glaciation in this area ended about 13,000 years
before present (BP).
The youthful landscape on the Des Moines Lobe is characterized by
a poorly integrated drainage pattern with depressions and bogs. Prior
to postglacial changes, the landscape of the Lobe was actually carved
and shaped by continental ice of the Pleistocene. The present landscape
is flat to slightly irregular with bands of knobby terrain formed during
periodic retreat of the Wisconsin glaciation. Most of the Lobe areas
have been artificially drained for agricultural purposes.
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Figure 1. Location of the Des Moines Lobe and the approximate location
of the study area in Iowa
The main geomorphic agent that modified the surfaces was running
water. However, soil creep also could have had a significant effect.
Under the action of running water and gravity, hillslopes were charged
with materials from summits. These materials descended to low lands
and constructed glacial-alluvial landforms on which soils may appear
strongly mottled resulting from variation of soil wetness, texture,
slope, and natural internal drainage.
Below the modern landscape of the Des Moines Lobe, there are
paleosurfaces that document periods of interglaciation. Before the
Holocene, Iowa experienced four glaciations and three interglacial
periods in the Pleistocene. Since one of the glaciations did not occur
in the area covered by the Des Moines Lobe, two of the interglacial
surfaces formed only one surface meaning that soil formation processes
continued from one interglaciation to the other. The older surface is
called Aftonian, and the younger one is called the Yarmouth-Sangamon.
Identification of these surfaces is made through stratigraphic, pedo-
genesis, and weathering zone studies. Nevertheless, the modern land
scape of the Des Moines Lobe reveals no indication of these surfaces
suggesting a complete coverage of these surfaces by Gary Till materials.
One of the interesting features of the Des Moines Lobe from the
view point of landscape evolution and stratigraphy is the presence of
postglacial bogs. They provided an opportunity to understand the
postglacial environment and history of landscape modification in this
area. The study of these surfaces can be done through the study of
particle-size changes, color, and/or clay mineralogy of the soil
materials. Walker (1966), in his detailed work, studied the genesis
and evolution of a series of bog landforms on the Des Moines Lobe. The
same principles can be applied to better understand the genesis of the
Clarion, Nicollet, and Webster soils. He integrated the sciences of
stratigraphy, geomorphology, geochronology, sedimentology, and paleo-
botany with statistics to construct the past environment of the Des
Moines Lobe. Through the study of five bogs, he showed that after the
retreat of the Gary glacier there were major changes in climate and
vegetation on the Des Moines Lobe.
Stratigraphy and radiocarbon dating of the materials in these bogs
revealed the following sequences: upper most muck zone (3,000 yr),
upper silt zone (3,000 to 8,000 yr), lower muck zone (8,000 to 10,500
yr), lower silt zone (10,500 to 13,000 yr), and finally the Gary Till
more than 13,000 years old. Each of these indicates dissimilar environ^
ment and episodes of erosion and deposition, confirming the finding of
Ruhe and Scholtes (1957) about glacial fluctuation.
The muck zones indicate stable land surfaces resulting in more
accumulation of organic matter. The silt zones indicate a relatively
unstable surface with more rapid hillslope erosion and preferential
deposition in the bogs. Since the bogs are small closed systems,
considering the area and volume of sediments, Walker (1966) calculated
and inferred that the erosion between 3,000 to 8,000 yr ago was the
greatest and estimated an average thickness of 50 and 160 cm of material
8was removed from the hills around the Colo and Jewell bogs,
respectively. The eroded materials constitute the silt deposits in the
bogs. The importance of these data is that they allow us to construct
the landscape evolution of the major soils of the study area with a
similar model.
These findings confirm the statement of Ruhe and Scholtes (1957)
that the postglacial environment has undergone major changes and fluc
tuations to produce erosional and depositional landforms. Furthermore,
the study of micro- and macrofossil data suggested a forest vegetation
was dominant until 8,000 yr BP (which was followed by a prairie vegeta
tion invasion of the area to the time of settlement). So, the modern
soils are mainly influenced by prairie vegetation even though the forest
vegetation persisted longer.
The results of Walker's (1966) study also showed that since the
surface ages of the Clarion, Nicollet, and Webster soils are essentially
the same, the major differences among these soils primarily are due to
sedimentary variation as well as depth to water table. In this case,
the concept of catena may help to comprehend the genesis of these soils.
As Gerald (1981) stated, within a catena soils vary from point to point
in accordance with the conditions of drainage and postglacial geomorphic
differentiation brought about by differential transport of eroded
materials and leaching, translocation, and redeposition of mobile
chemical constituents. In terms of future predication of soil behavior,
this concept is important and applicable to the area of study.
The main and effective geomorphic agents acting on the landscape
of the Gary Till are running water, soil creep, and solution. The
effects of the surface wash by running water and soil creep were
discussed by Walker (1966). First, gravity was the dominant driving
force reducing the slope and shaping the surface up to the angle at
which materials are at the rest condition. This angle is called angle
of repose which is defined as the inclination of the slope after some
adjustments have occurred; for example, this angle for sand dunes is
about 35®. The length of period to reach the angle of repose is rela
tively short (tens to a few hundreds of years) and depends on the mate
rials' characteristics such as particle size, roughness, shape, and the
original angle at which materials were deposited (Chorley et al., 1984).
Second, surface wash and solution processes become more important
processes under the action of running and percolating water. To explain
the action of running water on land surfaces, geomorphologists hypothe
sized various models to describe slope retreat in materials such as the
Gary Till deposits. Ruhe (1975) discussed these models. For example,
the model which may fit well to the landscape evolution of the Des
Moines Lobe suggests a parallel downwearing of slope eventually leading
to the old stage of landscape evolution with a flat surface or little
relief.
Other operative geomorphic processes include solution, leaching,
and movement of dissolved materials. These processes have a great
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influence on the gently sloping and depressional soils formed in Gary
Till materials. The influx of soluble materials, such as bases, and
reduced forms of iron and manganese, for example, from a higher position
flush into the lower position making a correlation between the material
deposited within different segments of hillslope possible. This
correlation is similar to the relation between A and B horizons in which
similar vertical influxes occur. The extent of these fluxes are mainly
downward depending on hydraulic properties of the soils.
In short, this brief review of stratigraphy and landscape evolution
of the Des Moines Lobe helps to explain the genesis and variation of
soils developed in this area. The landscape of this area still is at
a youthful stage of evolution and presents geomorphic features with
relatively fresh surfaces and soils with little pedogenic development.
Soil Forming Factors
A soil consists of one or more horizons usually parallel to the
soil surface. The characteristics of an individual horizon and a soil
as whole in a pedon, polypedon, and over a landscape results from the
interaction of vegetation, parent material, climate, and topography over
time (Jenny, 1941).
These factors are collectively called soil forming factors. Each
soil may contrast from the others in terms of morphology, chemical or
physical properties, and/or mineralogy. These differences are the
result of reaction and interaction of soil forming factors on each other
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so that each of these factors has influence on the others and, in turn,
is modified by them. For example, topography modifies the effect of
precipitation that in turn modifies the influence of vegetation.
Vegetation changes the rates of weathering arid mineralization of the
parent materials.
Another popular model in soil genesis is a generalized process
model (Simonson, 1959). Jenny's model is a factorial model since soil
properties are a function of external factors, initial materials, and
time (Smeck et al., 1983). In contrast, Simonson modeled the soil as
a function of internal processes operative within the soil system.
According to Simonson's model, soil genesis consists of two
factors: (1) accumulation of parent materials and (2) differentiation
of these materials by internal processes. He suggested that horizon
differentiation is a function of addition, removal, transfer, and
translocation within the soil system. All processes happen in the soil
at the same time, but the rates are different depending on the
conditions in the soil. The ultimate nature of soils depends on the
balance among these processes (Simonson, 1959).
Accordingly, reasons for soil variability to a great extent can
be explained by the study of soil forming factors as stated by Jenny
(1941) and generalized process models as suggested by Simonson (1959).
However, here only Jenny*s model will be discussed. Jenny (1941)
described soil as a function of parent material, climate, topography,
living organisms, time, and some additional unspecified factors.
12
These main factors will be discussed individually in the succeeding
section.
Parent materials
Parent material is the initial stage of soil development which
provides the stage for action of other soil forming factors. The
geologic materials recognized on the Des Moines Lobe in the order of
age are recent alluvium and slope-washed glacial-fluvial deposits♦ Late
Wisconsin drift that is underlain by loess of Wisconsin age, Kansan
drift, Nebraskan drift, and residuum of Pennsylvanian age (Anderson,
1983). The parent material of major modern soils such as the Clarion,
Nicollet, and Webster soils is the relatively unweathered calcareous
loamy till and associated slope-washed materials.
Gary Till with a fine-loamy texture is an unsorted deposit of clay,
silt, sand, gravel, and cobbles deposited by an ice sheet (McCracken,
1956). The depth of leaching of carbonates is reported to be about 75
cm (Kay and Graham, 1943). Peterson (1946) reported that this material
has a high proportion of expanding clays, mainly montmorillonitic.
Organic deposits also occur in bogs. Their importance in the study of
landscape evolution was discussed earlier.
Glimate
Glimate has indirect as well as direct influence on soil develop
ment and determines the type of soil that should form in interaction
with the other factors. Among climatic factors, the most effective ones
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are temperature and rainfall (which directly affect soil formation
through chemical reaction such as hydrolysis, carbonation, and oxida
tion), physical weathering such as frost action, and biochemical
reaction such as chelation. Precipitation has an important role in
influencing the rate of erosion, biomass content, and almost all
internal pedogenic processes.
Nonetheless, climate does not have a profound effect on local
distribution and variation of soils. In this case, microclimate that
is associated closely with topography should also be considered. For
example, soils on south-facing slopes versus north-facing may have
different characteristics mainly due to changes in evapotranspiration.
Consequently, the effect of climate is modified by the present hummocky
topography in this area. The morphology of Clarion, Nicollet, and
Webster soils, for example, shows that these soils formed under climate
similar to the present climate of Iowa. The effect of climate on
postglacial changes will be discussed under the vegetation section.
On the Des Moines Lobe, the average temperature ranges from 30 to
22®F and frost-free days range from 140 to 155 days. Average annual
precipitation ranges from 69 to 81 cm (Oschwald et al., 1965). Overall,
Iowa's climate is characterized as an extreme midcontinental type (Reed,
1941) in vrfiich hot wind and periods of prolonged high temperature,
usually from May to September, are accompanied by most of the annual
precipitation. The cold season usually is in the dry season of the
year. The average annual humidity is 72%. The present climate is
fairly uniform throughout the Lobe.
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However, climate differences may have some significant effects on
some soil chemical properties, the most variable soil properties
(Wilding and Drees, 1983). Hence, in correlating a soil from the
northwestern part of the Lobe to a soil from the southeastern part, one
should consider the variabilities induced by these differences in
climate.
Topography
The other major soil forming factor in this area is topography.
Topography or relief is characterized through slope gradient, length,
aspect and slope pattern, and microrelief. The primary effect of
topography is on internal drainage, surface runoff, and soil erosion.
On the Des Moines Lobe, the major variation among the soils is due to
topography. Topography establishes a toposequence model to predict the
pattern of soils on the Lobe. In this area, relief ranges from level
to steep. However, in the Clarion-Nicollet-Webster toposequence it
mainly ranges from level to gently sloping.
In this toposequence, soils change because of changes in their
relief and position on the landscape. Nearly level to level soils such
as Webster and Nicollet have more time for infiltration of water and
are located on footslope and toeslope positions. Gently sloping soils
such as Clarion have more runoff and more surface erosion and are
located on either backslope or convex summits. The Webster soil is
poorly drained and the Clarion soil is well drained.
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Microrelief can affect the depth to water table, rate of runoff,
and local deposition and erosion potential causing considerable
inclusions in the map units. For example, the Webster soil is at low
elevation with 0 to 1 percent slope, and it may have some relief. In
this case, the general sorting trend of solute and sediment transloca-
tion will be interrupted and a small local deposition occurs.
Aspect of the slope also has some effect on soil formation and
variation. South-facing slopes become warmer earlier in spring so the
amount of biomass changes over the growing season resulting in different
degrees of soil development.
Overall, the soil variation in the Gary Till of the Des Moines Lobe
is strongly affected by topography. Geomorphology of the area still
is in a youthful stage, and the landscape has a poorly integrated
drainage system with little dissection of the original terrain.
Time
As the land surface becomes stabilized, soil forming factors begin
to operate. The length of time that materials remain in place in
interaction with the other soil forming factors controls the type of
soils that will be formed. The shorter the time, the less developed
the soil and the fewer pedogenic features will be formed. For example,
considering the toeslope positions (e.g., Webster soils), because they
are depositional surfaces charged with fresh materials, weak horizona-
tion (or soils with little evidence of pedogenic features such as clay
accumulation in the subsoil) is present.
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On the other hand, land surfaces stable for a relatively long time,
for example the higher position of upland surfaces (Nicollet soils),
have more developed soils vdth weak to moderate horizonation, such as
illuviation of clay in B horizon, and may have clay films. However,
if water is the active geomorphic agent, it sorts the materials; and
when deposition and erosion stop, the rate of soil development is
different because of various particle sizes and surface area which are
important to the rate of chemical reactions.
The age of surface and surficial materials is younger than the
underlying materials. Gary Till was deposited 14.000 to 13,000 years
ago. The surfaces are younger than 13,000 years and they vary from
about zero for soils formed on recent bottomlands to a maximum of about
13,000 years for soils on very stable surfaces formed under forest
vegetation. Nearly level upland positions Nicollet soils) in the
Clarion-Nicollet- Webster toposequence are the most stable surfaces.
Sloping Clarion and Webster soils, formed on associated erosional and
depositional surfaces, respectively, are essentially the same age.
As a soil becomes horizonated, weathering proceeds and subsoil
materials become finer and many of the soluble salts are flushed out
of the surficial materials. Pedologic as well as geomorphic processes
brings about a systematic lateral and vertical variation over the
landscape. However, if the parent material is exceptionally resistant
to weathering and/or the slope is too steep and/or the water table is
shallow, the order of systematic changes is different.
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In short, on the time scale of soil development, the Des Moines
Lobe is composed of young geomorphic surfaces and pedogenic features.
Time plays a relatively weak role in the development and variation of
the major soils in this area.
Living organisms
Living organisms including vegetation, animals, bacteria, and fungi
play a crucial role in soil formation. Plants are the main source of
organic matter which in turn, through their decomposition, provide
carbonic and organic acids that are active agents of leaching and
chemical and biochemical weathering. Increasing the soil porosity is
an important role of soil organisms.
The major soils on the Des Moines Lobe, Clarion-Nicollet-Webster,
formed under prairie vegetation. However, this has been subject to some
questions, Ruhe and Scholtes (1957) discussed this topic and, based
on the paleobotany evidence, prior to prairie invasion the climate in
north central Iowa was similar to the present climate of southern
Canada.
The deciduous vegetation was dominant so the condition was more
favorable for leaching at that period. But from 5,000 years ago to
present, except for 1,000 years that was warmer, the climate was much
like today*s climate in which prairie vegetation was dominant on the
upland positions and forest vegetation, chiefly hickory and oak, on the
steep slopes along major streams. Therefore, upland soils such as
Clarion, Nicollet, and Webster, if they were on stable surfaces, first
18
developed under forest and then prairie vegetation. Thus, they have
gone through a polygenic process due to the change of vegetation. Yet
the evidence of this polygenetic situation is obscured mainly by an
erosional landscape.
General Morphology of the Major Soils in the
Clarion-Nicollet-Webster Soil Association
The soil body occurring on a landscape can be defined at difJferent
levels of generalization. These levels depend on the degree of
precision of the inferences that are required. The common level used
at the state level is a soil association. A soil association map unit
is a pattern of two or more major soil series which are geographically
associated with each other with a repeated pattern (Soil Survey Staff*
1951).
The generalized soil map unit as association helps to discover the
alternative use of a larger area by serving as an exploratory tool to
find the suitable soils for intensive uses. For example, the Clarion-
Nicollet-Webster soil association, with regard to their distribution
and soil types, has a high percentage of soils suitable for various
farming systems as cash grain and livestock (Figure 2).
On the landscape, Nicollet soils may occur either on broad hill
summits or the footslope segment of hillslopes. Clarion soils may occur
on backslope or convex positions of uplands (summits), and Webster soils
occur on low-lying areas (Figure 2). Clarion soils are well drained,
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Nicollet somewhat poorly drained, and Webster poorly, drained (Ruhe,
1975). In general, surface horizon organic matter content and darkness
increases, subsoil permeability decreases, texture becomes finer, and
color in the subsoil is grayer in the order of Clarion, Nicollet, and
Webster (Ruhe, 1975).
Clarion soils usually occur on slope gradients of 2 to 30%, but
the dominant acreage is on 2 to 5% slope. They are well drained and
formed in calcareous loamy till materials under prairie vegetation at
least for the last 5,000 years. The A horizon is loam, slightly acid,
and very dark brown; and the thickness ranges from 25 to 35 cm. In
eroded phases, however, this horizon may have partly or completely
eroded, which may significantly diminish infiltration rate and boost
additional erosion. The subsoil is dark brown to yellowish brown,
moderately permeable loam. The C horizon is yellowish brown loam with
moderate permeability. The solum thickness may range from 45 to 120
cm, but usually it is almost 75 cm. Sand pockets are fairly common in
the C horizon.
Nicollet soils are somewhat poorly drained and developed mainly
under the same vegetation and parent materials as Clarion soils. They
usually occur on slopes of 1 to 3%. The A horizon is very dark to black
with loam to clay loam texture 38 to 45 cm in thickness. The subsoil
is moderately permeable, loam to clay loam in texture which has a mixed
gray and brown color. The C horizon is olive gray to yellowish brown
and moderately permeable loam. The solum thickness ranges from 75 to
115 cm.
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Webster soils occur on flat to nearly level areas with less than
2% slopes and are poorly drained. These soils developed from loamy till
and/or slope-washed materials under prairie and water-tolerant
vegetation. The A horizon is black loam to silty clay loam, and the
thickness varies from 38 to A5 cm. The subsoil or B horizon is gray
to olive gray, moderately permeable, friable to firm, loam to clay loam.
The C horizon is grayish brown or olive brown, friable loam till and/or
slope-washed loam.
Some Selected Chemical and Physical Properties of
Clarion, Nicollet, and Webster Soils
In this section, some of the selected physical, chemical, and
mineralogical properties of these soils determined by other researchers
will be reviewed. Physical properties such as particle-size distribu
tion, gravel percentage, soil moisture retention, moisture content, and
plant available water content will be discussed. Furthermore, organic
matter, pH, carbonate status, and available phosphorus and potassium
are the other chemical properties that will be reviewed. Finally, the
occurrence of major clay minerals will be considered.
Physical properties
Some researchers such as Effland (1986), McCracken (1956), Walker
(1966), and many others have determined particle-size distribution for
these soils. Since the landscape still is young and parent materials
are fresh, the results of these analyses have shown that the spatial
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distribution of soil separates is mostly affected by the nature of
parent materials and postglacial geomorphic processes.
Late Wisconsin deposits and surficial deposits on the Des Moines
Lobe are loamy and so are the soils such as Clarion, Nicollet, and
Webster. Due to the postglacial geomorphic processes, to some extent
lateral distribution of surficial materials occurred on hillslopes of
Cary Till so the footslope and toeslope positions are the recipients
of silt and clay that are washed from higher surrounding positions.
Regardless, pedogenic processes do not have a strong effect on the
spatial distribution of the soil properties.
Webster soils are the finest textured soils in the Clarion-
Nicollet-Webster toposequence and, in most cases, show evidence of
textural nonuniformity which are more profound at the edges of footslope
positions. In this landscape model, when descending from Clarion to
Nicollet to Webster soils, the geometric mean and sand content decrease
and texture of the soil becomes finer. Therefore, the general texture
is loam but at any segment of hillslope a systematic change of particle-
size distribution is expected unless local small reliefs interfere with
this trend.
Clarion soils are among the major soils developed in Cary Till
materials. These soils have very little or no evidence of illuviation
of clay-sized materials. However, Clarion soils with more moderate
evidence of illuviation may occur on more stable, gently sloping
surfaces and are derived from fine-loamy till (McCracken, 1956).
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Webster soils, on the other hand, have different clay distribution
depending on the degree of stratification and their position on the
slope segment (Walker, 1966). As Webster soils ascend, their clay
content decreases and becomes coarser in texture. Nicollet soils have
an intermediate clay distribution between Webster and Clarion soils.
However, if Nicollet soils are located on a more stable part of the
landscape, for example on the broad level upland with fine-loamy -parent
material, they show more evidence of illuviation than those of
associated Clarion soils (Walker, 1966).
Micromorphology of the B horizon of the Clarion soil studied by
McCracken (1956) showed that there is some evidence of genetically
distributed clay in that horizon to designate it as an incipient B
horizon or cambic horizon.
Another important physical soil property is bulk density. Walker
(1966) in his work on the Clarion-Nicollet-Webster toposequence indi
cated a progressive decrease in bulk density from the summit to the
depression. The reason mainly was associated with increase in clay as
well as organic matter content. This fact may be used to establish an
empirical relationship between bulk density, organic matter, and clay
content. However, this relationship can be disturbed by sand lenses,
for example, which may be preferentially deposited at the base of slopes
as described by Ruhe and Scholtes (1957),
The values of bulk densities (BD) as determined by Hidlebaugh
(1960) for the Aand B horizons of Clarion soils ranged from 1.1 to 1.2
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and 1.1 to 1.5 g/cm , respectively. Effland (1986), who concentrated
mostly on the moderately and severely eroded phases of Clarion soils,
reported higher values. He reported values of 1.24 to 1.65 and 1.17
to 1.63 g/cm in A and B horizons for moderately and severely eroded
3
phases, respectively. He also reported values as high as 2.0 g/cm for
3
the C horizon, but most values ranged from 1.6 to 1.7 g/cm . The 1.6
3
to 1.7 g/cm BD values for the C horizon with regard to the loamy
texture of these soils have low macro and mid-size pores. This may have
a profound effect on root growth of most agronomic plants if the thick
ness of the solum is reduced by erosion so that the C horizon becomes
too close to the soil surface.
Wynne (1976) reported bulk density values for Nicollet soils that
3 3ranged from 1.09 to 1.23 g/cm in the A horizon and 1.44 to 1.6 g/cm
in the B horizon. McCracken (1956) cited values of 1.19 and 1.23 to
1.25 g/cm bulk densities for A and B horizons of Nicollet soils. He
3
also reported 1.17 to 1.35 and 1.39 g/cm values for A and B horizons
of Webster soils.
Therefore, in general, in the order of Clarion, Nicollet, and
Webster soils, the texture becomes finer and organic matter content
increases and, as a result, a systematic decrease should occur in bulk
density. Locally occurring sand lenses, however, may disturb this
trend.
Another soil physical property is the hydraulic behavior of these
soils. Hydraulic properties of soils are among the most variable soil
properties. Nevertheless, the relatively uniform loamy material of Gary
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Till as well as relatively uniform surficial materials may provide a
more feasible quantification model.
Some workers, however, have attempted to construct models to
predict saturated hydraulic conductivity (Ksat), field moisture capacity
(FC), and plant available water content (PAWC) by regressing of more
easily measured soil properties such as organic matter content, bulk
density, clay content, and sand content. Direct measurements of Ksat,
in most cases either by field or lab methods, not only are too variable
but also are time consuming and tedious.
For example, Effland (1986) used a constant head lab technique for
small core samples (3 to 5 cm x 5 cm diameter) taken from Clarion soils
to measure Ksat and regressed the bulk density, organic matter content,
and clay content on the measured Ksat. However, the results were not
too fruitful. The Ksat values were too variable and this was partly
due to the small-sized samples or relatively nonuniform till. He also
noticed in his attempt of measuring that the soil moisture retention
data at lower tensions were highly correlated with BD while the high
tensions were correlated with organic matter and clay content. These
soil properties have significant effect on soil structure, porosity,
and as a result on hydraulic behavior of soils,
Wynne (1976) evaluated some hydraulic properties of a Nicollet
soil. He measured PAWC and soil moisture retention curves in addition
to the physical properties such as BD, particle-size distribution, and
organic carbon content. The results were for the soil that had 24 to
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27% clay and 35 to 50% sand content in the Copsoil and subsoil, respec-
3 Ttively» and BD of 1.1 to 1.2 g/cm in the topsoil and 1.4 to 1.5 g/cm
in the subsoil. The PAWC ranged from 0.11 to 0.16 cm/cm and 0.13 to
0.16 cm/cm in the topsoil and the subsoil, respectively. This worker
found a relationship between field capacity and sand, silt, clay, and
BD of the subhorizons. His data showed that the clay content could
explain much of the variability of field capacity and wilting point
data.
Unlu (1984) studied the hydraulic properties of a Clarion soil
located on a convex upland position. He measured soil moisture
retention, soil water content, Ksat under laboratory conditions, and
used a computer program to estimate the unsaturated hydraulic
conductivity. He calculated the pore-size distribution of each of the
horizons with a detailed description of the relationship between the
hydraulic properties and pore-size distribution. Two different sites
were selected for the Clarion soil.
Considering the relationship between BD and pore-size distribution,
Unlu noted that site number one at the midpoint of the Ap horizon (10-cm
depth) with a BD of 1.42 g/cm , water content was smallest and large
pores were the least. The highest 15-bar water content also was highest
at this depth due to the increased number of small pores resulting from
compaction. Above the field capacity, approximately from 100 to 2000
cm tension, water content values were considerably higher than those
of other depths. The higher BD tended to increase the moisture reten
tion in this loamy soil.
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Overall, the conclusion was that the hydraulic behavior of the A
horizon in this Clarion soil was different from the underlying soil
horizons. The underlying horizons had similar hydraulic properties.
This resulted from different pore-size distributions in these horizons.
Therefore, it is rather obvious that a study of pore-size distri
bution, pore geometry, and pore tortuosity in addition to the other soil
properties such as BD, total porosity, organic matter content,
mineralogy, and particle-size distribution is important in the study
of hydraulic behavior of soils.
Unlike site number one of Unlu (1984), which had a uniform decrease
in mean pore-size except for the A horizon, in his site number two
(Clarion loam) the mean pore-size decreased rather abruptly at a depth
of 90 cm resulting in an increase of water content held between suction
100 and 1000 cm. In spite of these differences in water content, in
general the difference in soil moisture content at a given matric
tension usually was not more than 2% for subsequent depths of this
Clarion soil at both sites suggesting fairly uniform vertical hydraulic
characteristics.
The lab data of PAWC at different depths in both sites were rela
tively uniform. The general uniformity present arises from the
generally uniform pore-size distribution. However, one should recognize
that under field conditions PAWC is not an exclusive property of an
individual horizon. Rather it is strongly influenced by the overall
hydraulic behavior of a profile resulting from the mutual effect
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of horizons. Therefore♦ what is observed under lab conditions is more
likely to differ under field conditions.
Unlu's data (1984) showed Ksat data had good agreement with BD and
pore-size distribution. Except for the A horizon that had a moderately
slow permeability (0.56 to 0.90 cm/hr), the rest of the horizons at
different depths had moderate permeability (2.17 to 2.86 cm/hr). The
lowest Ksat was obtained for the A horizon of site number one, where
there was a relatively lower amount of large pores and the value of BD
was 1.42 g/cm . This BD was the highest for both sites.
For Webster soils, Nielsen (1958) reported low infiltration rate
and capillary movement for a Webster clay loam soil with sandy clay loam
to sandy loam texture in the subsoil and the substratum. Compared to
loess materials, for example, the capillary movement was smaller. He
also noticed that Ksat data of the Webster soil did not show the inverse
relationship with clay content that was present in loess-derived soils.
For the deeper depths of Webster soils, a relatively large variation
in 15-bar water content existed mainly due to the textural variation
since BD was rather uniform throughout the soil profile.
Selected chemical properties and fertility level
In this section, organic carbon content, carbonate and pH status,
and fertility of the Clarion, Nicollet, and Webster soils will be
discussed.
Organic matter has an important impact on soil development.
Organic matter developed under prairie vegetation exhibits a relatively
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uniform decrease with depth. However, limiting factors such as shallow
depth to water table can more or less alter this characteristic. For
example, Webster soils are poorly drained with naturally shallow water
table for a part of the year. They have higher organic matter content
in the upper part of the profile than those of Clarion and Nicollet
soils due to the present poor aeration resulting in organic matter
accumulation.
Moreover, the nature of this organic matter may be quite different
because the microbial and chemical condition of organic matter
decomposition is quite different under this condition. The somewhat
poorly drained Nicollet soils have more organic matter in their solum
(A and B horizons) than that of well drained Clarion soils. The order
of decreasing of total organic matter content in the A horizons is
Webster to Nicollet to Clarion soils. However, some Nicollet soils
(somewhat poorly drained) may have more total organic carbon content
in their profiles than that of Webster soils because the condition was
more favorable for growth of native vegetation (personal communication
with Dr. Thomas Fenton, Dept. of Agronomy, Iowa State University, 1989),
Walker (1966) reported the greater the clay content the greater
the amount of organic matter content confirming the close relationship
betweei the organic matter content and clay content of these soils.
Other chemical properties determining the kinetics and rate of many
reactions and fertility level of soils are carbonate and pH status.
Under subhumid and humid conditions, in the soil solum most of the
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carbonate as well as other soluble salts in the till dissolve and leave
the soil profile through either lateral flow or deep percolation. This
action reduces soil alkalinity and results in a lower pH.
In the Clarion-Nicollet-Webster toposequence, depth to carbonates
increases with improved internal drainage (on comparable landscape
positions) enhancing the removal of soluble salts that in turn depends
on their landscape position. In the study of bog watersheds in the Gary
Till area, Walker (1966) stated that there was a general tendency for
greater depth to carbonates in the upper slope position and carbonates
were closer to the soil surface with decreasing distance toward the
center of the bog. However, one may argue with Walker's statement, for
in the Harps soil (although it occurs at the edge of depressions)
carbonates are present at the soil surface. In the Harps soils, free
carbonates are contributing a lighter color to the soil surface.
Moreover, another exception to Walker's trend is when a soil with
carbonates occurs on a sloping surface. Storden soils, in which the
depth to carbonates is very shallow, occur on the steep part of the
backslope position. Therefore, to predict the depth to carbonates the
landscape position should be kept in mind.
Soil fertility levels are functions of native fertility levels of
parent material and rate of the pedogenic processes such as leaching
and chemical and biochemical weathering after landscape stabilization.
Therefore, on the young geologic materials of the Gary Till, the general
fertility level is low and it is mainly related to the native fertility
level of the parent material.
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However, prairie vegetation had a profound impact on the present
native fertility level of the Clarion, Nicollet, and Webster soils.
This impact can be direct such as the biochemical degradation of the
primary minerals and releasing nutrients or indirect such as the
improvement of the soil physical condition to enhance plant root growth
which increases the likelihood of nutrient uptake.
Some generalizations that can be made about the selected plant
nutrients in Clarion, Nciollet, and Webster soils are:
1. Available potassium (AK) and phosphorus (AP) are maximum in
the plowed layers due to high rate of organic matter mineral
ization and fertilization.
2. The distribution of AP and AK with depth shows a decrease with
depth but this decrease is much sharper for AK.
3. Fertilizer management has little effect on the inherent
fertility level of the subsoil.
A. AP is usually lower in poorly drained Webster soils than well
drained Clarion soils.
5. AP and AK levels are correlated with the degree of erosion and
so to the thickness of the mollic epipedon which in turn is
related to slope characteristics and management practices.
Hence, clay, organic matter content, and pH or carbonate status
affect AP and AK. Khan (1985), for example, reported that as the clay
content of alluvial-derived soils increased, AK decreased mainly as a
result of fixation by mica clays in those soils. Organic substances
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may complex phosphorus, and soil reaction may impact the rate of these
reactions. Considering landscape position, soils on the footslope
position of a hillslope have a higher AK that may be due to surface wash
as well as throughflow of the soil solution rich in potassium from
higher positions.
Weathering Zone
A three-dimensional body of material developed beneath the soil
surface under the influence of the physical, chemical, and mineralogical
weathering processes is called the weathering zone (Ruhe, 1975). In
this zone, the layers or zones of the altered materials are formed
either parallel or subparallel to the land surface. The intensity of
the weathering normally decreases with depth. The extent of the
vertical and lateral weathering is different mainly due to the variation
of topography and parent materials as well as microclimate. Weathering
zones can be used to study the extent of weathering as well as the
geomorphic and stratigraphic relationship in an area. Moreover, a
specific soil of a soil envelope may fit a specific part of the
weathering zonation and the depth of that zone.
Weathering zones are defined in various ways. In glacial till,
the common weathering profile is shown in Figure 3. As shown, the soil
solum (A and B horizons) and the upper part of the C horizon is in the
oxidized and leached zone. The term oxidized and leached simply means
that the zone has a yellowish brown and rusty appearance and has no
detectable free carbonates by 0.1 N HCl test.
WEATHgRING PROFILE
GEOLOGY
Oxidized and leached
zone (drift or loess)
Oxidized and unleached
zone (with carbonates)
Unoxidized and
unleached zone
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SOIL profile
PEDOLOGY
— A horizon
— B horizon
-C horizon
E
_ 3
O
M
Figure 3. A typical weathering zone in glacial materials using the
standard weathering zone terminology (Ruhe, 1975)
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The lower zone which has the same or similar color but with 
detectable carbonates with 0.1 N HCl test is called the oxidized and 
unleached zone. The lowest zone is the unoxidized and unleached zone. 
In this zone, the color is dark gray due to the ferrous iron and 
carbonates which are detectable with the acid test. However, depending 
on the extent of the variation in the weathering process and jointing 
in the materials, a mixture of these situations may also occur 
especially in the transition parts between the zones. 
Therefore, a weathering profile may be composed of three distinct 
zones. The upper part is oxidized and leached (OL). The middle zone 
is oxidized and unleached (OU), and the lowest zone is unoxidized and 
unleached (UU). The effect of the naturpl leaching and oxidation and 
reduction on the materials in the glacial till of the study area can 
be represented by use of these terminologies. However, other notations 
also are developed for specific materials and situations. 
Weathering profile and soil profile are related or even may be 
concurrent and identical in the early stage of development if the 
landscape positions are stable (Leighton and MacClintock, 1962). These 
workers discussed that the upper part of the weathering zone or soil 
solum is important and referred to it as the pedological part of the 
weathering zone. Others such as Ruxton and Berry (1957) did not include 
the soil solum as part of the weathering zone. They described four 
zones in the weathering profile and noted the soil profile as 
pedological materials overlying weathering zones. 
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Chemical, physical, and mineralogical alteration of the glacial
till on the Des Moines Lobe after retreat of the last glacier has led
to the present weathering zone in the area. Since weathering zone and
upper overlying material form a continuous medium, the properties of
the materials (such as chemical, physical, hydrological, and mineral
ogical) are related.
For example, the extent of the compaction of the weathering zone
materials (which in turn are related to the bulk density, particle-size
distribution, and gravel percentage) affect the amount and direction
of deep percolation and throughflow of water. These hydrological
properties affect the redox potential, and pH changes the chemical and
mineralogical properties of Fe and Mn and therefore the morphology of
the materials. Hence, study of the morphology and extent of leaching
in weathering zones is used to infer hydrological properties of
materials.
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MATERIALS AND METHODS
Site Selection
A broad-based committee under the direction of Dr. Stewart Melvin
developed a three-year proposal to investigate the potential of a dual
subsurface irrigation project for use in the state of Iowa. Different
expertise from different disciplines including soil, water, climate,
plant, statistics, and economics became involved in assessing this
system. This group decided that a site located in the northwestern
corner of section 27, R2AW, T80N in the northwestern part of the Iowa
State University Farm southwest of Ankeny, Iowa, was an appropriate
choice from among several sites.
However, this decision was not made merely on the basis of soil
properties suitable for such a system. As usual, site facilities,
public access, distance for data collection, and previous land use also
were considered. The basic soil requirements mainly, however, dictated
the site selection. These requirements were: (1) poorly to somewhat
poorly drained soils; (2) similar properties over a relatively large
area; (3) permeable materials in the upper part of the soil profile but
slowly permeable in the underlying material; (4) level to nearly level,
i.e., 0 to 2% slope gradient; and finally (5) a low salt content in the
soil solution.
Following selection of the site, every specialty initiated the
investigation for a relatively detailed quantification and response of
'^7
the system to the new management. The division of soil morphology and
genesis also attempted to achieve its purposes as stated in the General
Introduction by conducting the following determinations and
measurements.
Soil Mapping
The Polk County Soil Survey report which covers the study area was
prepared in 1952 at a scale of 1:15,840, However, this scale was too
small to show the soil variability and the detail required. Moreover,
the mapping was relatively old and needed updating. Therefore, a soil
survey was conducted and observations to a depth of 1 m were made on
nodes of grid points spaced at about 15-ra intervals in Agronomy 1 and
2 and in the phase 1, 2, and 3 areas (Figure 4).
Each observation point was examined for depth to carbonates, color,
mottling, structure, texture, boundary, and consistency to determine
the thickness of solum and degree of horizonation and to delineate major
soils occurring on the landscape. Based on these observations, a large-
scale soil map was prepared (Figure 5).
Soil Sampling and Description of the Typical Pedons
Following the mapping, typical pedons for the major soils were
selected, pits dug, detailed morphological features of each soil
recorded (Appendix I), and finally sampled. The samples were collected
by horizon for laboratory analyses of selected physical, chemical, and
mineralogical properties.
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Weathering Zone Study
Deep soil cores, 5 cm in diameter, taken at various sites to depths
of 370, 195, and 210 cm were used to study the weathering zones of till
and till-derived sediments in the study area. Site number 1 was located
in the northern part of the spacing between Agronomy 1 and 2. Site
number 2 was located to the south of the same spacing. The third site
was to the south of phase 2. The approximate location of these sites
is shown on the topographic map (Figure 6). After taking the core
samples, they were described according to the standard procedure for
evaluation of Quaternary materials in Iowa (Hallberg et al., 1978).
In addition, soil materials were described according to the soil survey
procedure.
To examine the degrees of compaction of these materials, bulk
density was determined to the depths of penetration. The samples were
also run for particle size analysis, organic matter content, depth to
carbonates, and percentage of materials >2 mm in diameter. However,
the latter may not be a valid estimate of the >2 mm percentage since
the sample weights ranged from 0.3 to 0.5 Kg, whereas for a valid esti
mate the sample size should be larger.
Soil Chemical Analysis
Air-dried samples from which >2-nBn particles were separated were
mechanically ground to pass a 2-nnn sieve. Representative subsamples
were ground with a ceramic mortar and pestle to pass a lOO-mesh sieve.
The lOO-mesh samples were used to determine organic carbon. Organic
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carbon was determined by the Walkley-Black procedure utilizing potassium
dichromate wet digestion (Nelson and Sommer, 1982). This method gives
an average of 70% recovery and is widely used due to its simplicity and
rapidity. A correction factor (f = 1.3) was used to compensate for
unoxidized organic carbon but this may vary from soil to soil and
horizon to horizon. The result should be taken with caution if the
absolute amount of organic matter is precisely required.
Soil pH was determined by different methods. For samples collected
from the weathering zones, a 1:1 soil and water ratio was used. Five
grams of <2-mm sieved air-dried soil were mixed with 5 ml of distilled
water, and the pH of the suspension was measured after 30 rain by use
of a Fisher Model 420 digital pH meter (Mclean, 1982). For the samples
collected from the typical pedons, pH and buffered pH were measured by
the Iowa State University Soil Testing Laboratory. The method used is
somewhat different in that moist soil samples with a ratio of 1:2 for
soil and water were used to measure pH. To measure buffered pH of the
same samples, 10 ml of a standard buffer solution which buffers the soil
pH at 7.5 were added and after 10 minutes the pH of the suspension was
measured.
Available phosphorus (AP) and available potassium (AK) were also
determined by the Iowa State University Soil Testing Laboratory on moist
soil samples from the typical pedons. Both determinations were mainly
restricted to the noncalcareous part of the pedons. The method used
for AP determination was the Bray 1 extractant method (Bray and Kurtz,
43
1945) in a procedure modified by Miller (1974). Available potassium
(AK) was determined after extraction with neutral, 1 M NH,OAc. The
— 4
results of AK» AP, and pH measurements are reported in Appendix II.
Physical Analyses
Physical analyses completed on the samples included: BD measured
with different methods under various soil moisture tensions, particle
size analysis by the pipette method, gravel percentage, moisture
retention curves, and field soil moisture content. Soil moisture
characteristics curves were constructed only for the major horizons of
typical pedons.
Particle size analyses of <2-mni sieved samples were performed by
the pipette method, and the USDA particle size classification system
was used (Walter et al., 1978). The procedure is commonly used for till
and other Quaternary materials in Iowa. However, for calcareous samples
that are high in free carbonates and those samples with high organic
matter content, higher amounts of the dispersing agent should be used
(Walter et al., 1978),
Bulk density in at least triplicate determinations was measured
by two methods. For the intact soil samples collected from oxidized-
unleached (OU) or C horizon and unoxidized-unleached (UU) zones, the
core method was used (Soil Survey Staff, 1984). The clod method was
used for the intact samples collected from the typical pedons. For
these samples, BD was measured under field moisture content, 0.3 bars
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of moisture retention values, and finally under oven-dry conditions.
Corrections were made for the volume of the coating materials used
during the analyses. Also, volume changes of the soil clods under
different moisture contents were corrected in calculation of BD.
Water content was determined in at least triplicate determinations
under O.I, 0.3, and 1 bar tensions (Soil Survey Staff, 1984) for major
horizons of the typical pedons. The clods were allowed to soak in water
for 2 days, placed in a pressure cooker apparatus in contact with a
ceramic plate by using loess as lining. However, the contact at the
bared surface of the clods with the lining was relatively small, only
2
about 2 cm . Thus, the equilibrium may have needed a relatively longer
time at least for some of the samples.
As the samples equilibrated with the applied pressures after about
10 days, they were removed and weighed, and then returned to the
extractor and hydraulic contact reachieved by using a thin film of
water. Following 0.1, 0.3, and 1 bar moisture retention measurements,
the samples were oven-dried at 105°C for 48 hr and BD was calculated
on the basis of the oven-dried weight. The total porosity was deter-
mined with an assumed particle density of 2.65 g/cm . These data
provided the required inputs to estimate coefficient of linear extensi
bility (COLE). This coefficient denotes the fractional change in clod
dimension from dry to a moist state (Soil Survey Staff, 1984).
Fifteen-bar moisture retention was also performed on <2-ram sieved
samples for all horizons of the typical pedons by using the pressure
plate apparatus.
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RESULTS AND DISCUSSION
Soil Map, Classification, and Description
of the Typical Pedons
The traditional way of showing soil spatial variation is through
soil mapping. Therefore, to show the soil variation in the study area,
a soil map of the western and central part of this area at a scale of
1:1400 was prepared based on observations made on a grid system. The
eastern part of the study area will be mapped in the future. Figure
5 shows the soil map with a brief map legend.
The Polk County soil map prepared by McCracken (1960) shows that
the study area is mapped as Nicollet loam. Soil variation is scale-
dependent and due to the complexity of the soil pattern in the study
area the soil boundaries could not be delineated without a large amount
of inclusions at the scale of 1:15,840. In soil mapping, the inclusions
reduce the map unit homogeneity and may affect soil interpretations,
so the objective was to delineate the soil map units of the study area
in order to keep the inclusions as small as possible.
The map unit purity in the above soil map is approximately 50 to
60% v4iich meets the purity standard of soil consociation at this scale
of mapping, A soil consociation is a map unit in which at least 50%
of the map unit is composed of only one soil taxon, for example, Clarion
138B (2 to 5% slope). Hence, the rest of the map unit is composed of
some percentages of similar and dissimilar soils (inclusions).
A6
Nevertheless, since the response of the subirrigation system or
any other management is a function of soil variability, a soil map with
a larger scale to delineate the soil consociation with a much higher
purity was required. The delineated soil consociations are Nicollet
loam (55), Clarion loam (138B), Webster clay loam (107), and Coland clay
loam (135). In the scale of mapping (1:1400), these soil consociations
are about 90% pure, meaning that the properties assigned for each of
these units are highly reliable. However, this reliability varies by
the soil properties in question, which will be discussed later in the
statistical analysis section.
Even at the scale of 1:1400, some complex map units were
delineated. A complex is a map unit composed of two or more soils that
are so intermingled that they cannot be delineated individually at the
scale of mapping. There are two complexes in this soil map, Nicollet-
Clarion and Webster-Nicollet complexes. In terms of management, the
responses of these units are more complex and might be an intermediate
between the two soils.
All the soils are upland soils except Coland clay loam. This is
normally a poorly drained bottomland soil formed in alluvial material.
It has moderate permeability and a very thick mollic epipedon.
The study area is located in an upland position of the Des Moines
Lobe on ^^^lich the dominant soil-landscape model is Clarion, Nicollet,
and Webster on summit, backslope, and toeslope positions, respectively.
These soils form a toposequence. The soil-landscape model in the study
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area, however, is different in that the Clarion and Nicollet soils are
shifted around meaning that Nicollet loam (55) is on the summit and
Clarion loam (138B) is on the backslope position.
The primary difference among these soils is due to the different
depths to water table and this is manifested through changes in organic
matter content and morphology of the soil profiles. In addition,
geomorphic agents of running water and solution had some contribution
to the variation of the soil properties in this area.
Walker (1966) showed that the climate in this areas has fluctuated
since the last glacier retreated and so periodical erosion and depo
sition have occurred and surficial sediments are subjected to particle
size changes; for example, sorting of materials along the landscape.
This sorting phenomenon also will be discussed in the mineralogy. With
respect to landscape position, hillslope configuration, and relief,
leaching potential and depletion rate of soluble materials from the
parent materials vary. Therefore, different depths to carbonates in
the map units can be explained by these variables.
Hence, the map units are essentially delineated based on soil
properties related to wetness and depth to water table, organic matter
content and morphology, particle size, and leaching depth differences.
Color and organic matter content have important roles in both soil
survey and classification of these soils. Accumulation of the organic
matter and its subsequent decomposition darkens the soil matrix in the
soil. Changing the oxidation status of iron and the extent of its
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removal from the soil matrix change the color of the subsoil.
Therefore, both the organic matter content and soil moisture regime
(SMR) are important criteria in the genesis of these soils and so they
have been used in the family level.
The family level classification of these soils are:
1. Clarion loam: Fine-loamy, mixed, mesic Typic Hapludolls
2. Nicollet loam: Fine-loamy, mixed, mesic Aquic Hapludolls
3. Webster clay loam: Fine-loamy, mixed, mesic Typic Haplaquolls
4. Coland clay loam: Fine-loamy, mixed, mesic Cumulic Haplaquolls
The main differentiating characteristic among these soils is SMR. In
the Clarion loam, udic 3*1R is in the suborder level, while in the
Nicollet loam udic and aquic SMR are used in suborder and subgroup,
respectively. Although the soil morphology and genesis in this soil
is mainly affected by udic SMR, there also is some mottling and a
Cg-horizon associated with the aquic SMR. On the other hand, in the
Webster and Coland soils, the main parts of the soil sola are strongly
affected by poorly drained conditions and so the aquic SMR affect their
genesis and is used in their suborders.
The Clarion loam with a udic SMR is a well-drained soil and it does
not need artificial drainage. The Nicollet loam with an aquic SMR at
the subgroup leel is a somewhat poorly drained soil and artificial
drainage is beneficial whereas the poorly drained condition of the
Webster clay loam and Coland clay loam with aquic SMR indicates arti
ficial drainage is required for crop production.
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The Clarion loam (138B) is a deep, well-drained, moderately perme
able soil formed in pedisediment material derived from calcareous loamy
till and located on the convex backslope on the upland position. The
typical pedon was sampled on the convex backslope position with 3% slope
gradient under oat cultivation (Figure 6).
The Nicollet loam (55) is a deep, somewhat poorly drained, moder
ately permeable soil derived from calcareous loamy till material and
located on the summit on the uplands. The typical pedon was sampled
on a level summit position with 1% slope gradient under oat cultivation
(Figure 5).
The Webster clay loam (107) is a deep, poorly drained, moderately
permeable soil formed in glacial-fluvial deposits derived from calcare
ous loamy till material and located on the toeslope on the upland
position. The typical pedon was sampled in the level toeslope position
with 1% slope gradient under oat cultivation (Figure 5). The detailed
profile descriptions of these soils are given in Appendix I.
These soils are in the range of the National Cooperative Soil
Survey (NCSS) established series. The drainage classes of these soils
are in the same classes as those of the NCSS because the color chroma
and values are in range of the established series.
In summary, the dominant soil map units in the section of the study
area which is mapped in the order of acreage are the Nicollet loam (55),
Clarion loam (138B), and Webster clay loam (107). The Coland clay loam
(135) is the least extensive. Except for the complex map units, the
map unit purity is about 90%.
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Bulk Density and Total Porosity of the Typical Pedons
Bulk density (BD) of the horizons of the typical pedons was
measured by use of the clod method under different moisture contents.
Only the C horizons were measured by both the clod and core methods.
Triplicate (or more) samples were used to measure the BD. The total
porosity (f) is calculated based on the BD data and using the value of
3
2.65 g/cm for particle density.
Bulk density is defined as the mass of dry soil per unit volume
of the soil expressed in g/cm . Thus, the volume of interparticle space
is included but the mass of the liquid is excluded. Bulk density of
sandy soils is about 1.6 g/cm , whereas in aggregated loamy and clayey
3
soils it can be about 1.1 g/cm (Hillel,
The volume of the shrinking-swelling soils changes with water
content. The results of the x-ray analyses in this study (Part II) have
shov/n that the dominant clay mineral in the Clarion, Nicollet, and
Webster soils is smectite. The BD and porosity of these soils vary
markedly with water content or water potential changes. Subscripts are
added to show the different moisture conditions of the samples. The
BDm, BDl/3, and BDod designate BD of the moist field, 1/3-bar tension,
and oven-dry condition. The same subscripts may be used for porosity.
Total porosity (f) is the soil volume filled with water and air.
Thus, the soil solid phase is excluded. Total porosity ranges from 30
to 60%. Coarse-textured soils tend to have less total porosity than
fine-textured soils. Within a limited range of organic matter and
SI
texture, total porosity or BD can be good indexes of soil compaction.
Total porosity, however, reveals nothing about the pore-size distribu
tion in a soil. However, in combination with other soil properties one
can have a good estimate of responses of a soil system. For example,
if the total porosity of a subsoil decreases and the sand content
increases, the internal drainage of the subsoil may improve due to the
increase in the raacropores as a result of the higher sand content. Of
course, for a quantitative estimate of the hydraulic responses, pore-
size distribution rather than the total porosity is more meaningful.
In the following section, bulk density and total porosity of the
Clarion-Nicollet-Webster soils will be discussed.
The Nicollet loam
The BD and f data of the Nicollet loam soil (55) are presented in
Table 1 and Figures 7 and 8. In general, in this soil profile the BDl/3
increased with depth to about 80 cm (1.52 g/cm ) and then rate of
increase slowed with depth. For the same horizon, as the moisture
content decreased, the BD increased due to shrinkage and volume change
of the soil sample. However, there was some variation in this trend.
For example, the BD of the Ap2 horizon is significantly greater than
those of the upper and lower horizons. The organic carbon and sand
contents of this horizon did not show a considerable change with respect
to those of the upper and lower horizons (Figures 14 and 16). For this
reason, the increase in the BD of the Ap2 horizon most likely was due
to compaction by farm machinery.
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Table 1. Bulk density and total porosity of the Nicollet loam soil
under different moisture conditions
Bulk density Porosity
Hor. Depth Field l/3bar OVdry Field l/3bar OVdry
cm g/cm %
Apl 0-17 1.25 1.19 1.37 53 55 48
Ap2 17-33 1.49 1.42 1.61 44 46 39
A 33-53 1.39 1.32 1.40 48 50 47
Bwl 53-74 1.46 1.39 1.52 45 48 43
Bw2 74-93 1.57 1.52 1.64 41 43 38
BC 93-110 1.57 1.51 1.58 41 43 40
Cgl 110-133 1.64 1.57 1.62 38 41 39
Cg2 133+ 1.67 1.54 1.61 37 42 39
The differences between f at 1/3 bar and oven-dry conditions of
the A to BC horizons were relatively constant, and they showed the
amount of water held in the water-storage pores and capillary pores or
the amount of shrinkage of the samples of these horizons may not be
significantly different (Figure 7). The BD and f were essentially
constant from 80 to 133+ cm and were correlated with sand content, where
it was almost constant with some reasonable random variation, within
this zone (Figure 13).
In general, the total porosity decreased with depth. For example,
at the 1/3-bar tension, the porosity decreased from 55% in the Apl
horizon to 41% in the Cgl horizon. Considering the loam texture and
S5
moderate aggregation, this soil may have a favorable total porosity for
crop production in the solum. However, the BD values at 1/3 bar were
3 31.57 g/cm and 1.54 g/cm in the Cgl and Cg2 horizons, respectively,
which were relatively high. This BD may decrease root penetration due
to inappropriate aeration when the soil is nearly saturated because
usually the pores are mainly micro in size and filled with water. This
observation was also confirmed by the weak structure to massive condi
tion in this part of the soil profile. The BD at the field moist
condition in this soil increased to about 80 cm and then remained
relatively constant to a depth of 133+ cm.
However, the Ap2 horizon, due to compaction, did not follow the
smooth increase of BD with depth. The total porosity decreased by 9%
from the Apl to the Ap2 horizon. This relatively rapid decrease in the
porosity indicates the destruction of the natural soil structure in this
profile that eventually may cause formation of a plow-pan.
The Clarion loam
The BD and porosity data of the Clarion loam soil are given in
Table 2 and Figures 9 and 10. As compared with the Nicollet loam, the
variation of the BD and f among the horizons within the solum of the
Clarion loam is small except for the Ap2 horizon in which the BD
increased significantly due to compaction. This is the most compacted
A horizon among these three soil units.
The total porosity at 1/3 bar ranged from 46 to 48%, and BD at the
q
same tension ranged from 1.38 to 1.42 g/cm in the solum. The BD and
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Table 2. Bulk density atid total porosity of the Clarion loam soil
under different moisture conditions
Bulk density Porosity
Hor. Depth Field l/3bar OVdry Field l/3bar OVdry
cm <7—§/ cm
Apl 0-13 1.52 1.40 1.50 43 47 43
Ap2 13-28 1.57 1.49 1.60 41 44 40
AB 28-48 1.54 1.41 1.51 42 47 43
Bwl 48-64 1.51 1.42 1.54 43 46 42
Bw2 64-94 1.49 1.38 1.52 44 48 43
BC 94-124 1.55 1.44 1.50 42 46 43
C1 124+ 1.65 1.54 1.62 38 42 39
3
total porosity of the compacted zone were 1.49 g/cm and 44%,
respectively. Considering the loam texture of the solum, these BD
appear to be high. This may be partly due to the relatively high sand
and silt content as well as to the low organic matter content and weak
to moderate structure of these horizons (Figures 13 to 15). The sand
percentage in the solum ranged from 36 to 47%. This trend was similar
to the Nicollet loam profile. The difference in the porosity at 1/3
bar and the porosity at the oven-dry condition in the solum was rela
tively constant. This can be related to the uniform texture, structure,
and mineralogy throughout the solum of both soils.
However, unlike the solum of the Nicollet loam in which the dif
ference between BD at 1/3 bar and oven-dry was not constant in the
59
topsoil and subsoil, this difference appeared to have a small variation
in the Clarion loam. This response may be related to the different
organic content as well as clay mineralogy.
The Webster clay loam
The bulk density and porosity data for the Webster clay loam soil
are shown in Table 3 and Figures 11 and 12. As Figure 11 shows, the
BD increased to a depth of 100 cm and then remained constant. Bulk
density at 1/3 bar, for example, ranged from 1.37 g/cm in the A horizon
3
to 1.65 g/cm in the BC horizon. These BD are considered to be rela
tively high with respect to the low sand and high organic matter con
tents of this soil (Figures 13 to 15). The values of the BD indicate
a condition of poor aggregation causing the high BD due to the lack of
significant interparticle space.
Compaction of the surface soil (Apl) when the soil is moist may
be the main reason for the relatively high BD in the Apl horizon. When
the soil is nearly saturated, the soil structure is in the weakest
condition. This also means that when the Apl horizons of the associated
soil were at the proper moisture condition for tillage, this soil would
be more moist. Therefore, potential compaction is relatively higher
in the Webster surface horizon. In fact, the BD of 1.41 g/cm^ at 1/3-
bar tension for the Apl horizon is quite high if one considers the 24%
sand and 6.2% organic matter content of this horizon. Therefore, a very
slow infiltration rate is probable for this soil.
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Table 3. Bulk density and total porosity of the Webster clay loam soil
under different moisture conditions
Bulk density Porosity
Hor. Depth Field l/3bar OVdry Field l/3bar OVdry
cm / 3 7
Apl 0-20 1.47 1.41 1.62 45 47 39
A 20-43 1.42 1.37 1.39 46 48 48
AB 43-66 1.54 1.49 1.57 42 44 41
Bwl 66-86 1.59 1.54 1.65 40 42 38
Bw2 86-115 1.67 1.63 1.73 37 38 35
BC 115+ 1.67 1.65 1.71 37 38 35
Except for the Apl horizon, from the A to the Bw2 horizons the BD
values indicated a relatively sharp and uniform increase at the 1/3-bar
tension (1,37 to 1.63 g/cm ) and then remained constant with depth.
The differences beween values of f at 1/3 bar and at the oven-dry
condition were constant for the solum.
In general, the lowest BD at 1/3-bar tension (1.19 g/cm^) and in
turn the highest total porosity (55%) at the same tension occurred in
the Api horizon of the Nicollet loam soil. The topsoil of the Nicollet
soil had the lowest weighted average BD (1.28 g/cm^) and the highest
average weighted f at 1/3 bar as compared to those of the Clarion and
Webster soils.
The subsoil of the Clarion loam had the lowest weighted average
BD at 1/3 bar (1.41 g/cm ) and the highest weighted average of f at 1/3
66
bar (46,8%). Unlike the subsoil, the topsoil of the Clarion soil had
the highest weighted average BD at 1/3 bar and the lowest weighted
average f at 1/3 bar (A6,l%). This is mainly explained by the rela
tively high sand content and low values of organic matter and clay in
the topsoil of the Clarion loam as compared to the Nicollet and Webster
soils. The subsoil of the Webster soil, on the other hand, had the
highest weighted average BD at 1/3 bar (1.63 g/cm ) and in turn the
lowest weighted average of f at 1/3 bar (39.6%).
Several conclusions may be drawn from this information. For
example, the Nicollet loam (55) may have the highest infiltration rate
with respect to the other soils. The Clarion loam has the best internal
drainage* whereas the Webster clay loam has the poorest (Figure 16).
Indeed, if the soil profile descriptions listed in Appendix I are
considered, the morphology of these soils is in agreement with these
findings.
Moreover, with respect to the changes that occurred in the BD and
porosity due to the different moisture conditions, one is not only able
to compare these changes under more natural conditions and at the same
time standard tension but also one may use the magnitude of the moisture
held between the oven-dry and 1/3-bar tension to correlate these changes
of BD and total porosity to the organic matter content, texture, and
mineralogy. For example, the sand percentage of the BO and C1 horizons
of the Clarion soil increased about 20% causing the BD at 1/3-bar
tension to increase from 1.44 to 1.54 g/cm and porosity to decrease
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by 4%. Overall, there was good agreement between sand content and BD
of the subsoil and substratum of these soils.
However, although the total f decreased by 4% in the Clarion soil,
the macropores must increase markedly due to the marked increase in the
sand content (20%). Therefore, total porosity does not provide much
information about the internal drainage and deep percolation of water
in the soil profiles. The important thing about this study is that,
first, the comparison and changes of BD data can be studied under the
same water potential and, second, in calculation of the BD and total
porosity, the volume changes due to shrinkage and swelling effect of
clay is considered too. Therefore, the comparisons make more sense.
Finally, the clod method usually results in higher BD values with
respect to the other methods due to the exclusion of the interspace
between the aggregates. However, this does not appear to be true in
the case of these measurements. For example, BD values for both core
and clod methods at field moisture condition in the C and BC horizons
appeared to be close (Table 4). One reason for this observation can
be the undeveloped and weak structure of the soil in these horizons.
Study of the Weathering Zones
Since the nature, arrangement, and properties of the weathering
zone have a crucial impact on the feasibility of the project in the
study area, the weathering zones were studied through the vertical as
well as the lateral section. Three sites were selected. The location
of these sites is shown in Figure 5. Site number 1 was selected on
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Table 4. Comparison of the bulk density and porosity values of the C
horizon at field moisture condition
Bulk density
Soil name Core , Clod Difference
3g/cm
Clarion 1.69 1.71 0.02
Nicollet 1.71 1.67 0.04
Webster 1.62 1.67 0.05
a nearly level summit position with 1% slope gradient. Sites number
2 and 3 were on the convex part of the backslope with 2 to 5% slope
gradient.
Moreover, in a subirrigation project, the hydrological properties
of the underlying materials is important to the feasibility of such a
project. Maintaining a high water table is directly related to the
permeability of the weathering zones. However, an indirect method of
studying the morphology and some physical properties such as BD is
followed in this study.
In the field, the soil horizons and weathering profiles were
identified and described according to the standard procedures. Color
including mottling patterns, texture, soil structure, and the consist
ency of the materials were described to the depth of penetration by a
hydraulic coring truck. The standard weathering zone terminology for
the description of Quaternary sediments in Iowa (Hallberg et al., 1978)
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was used to describe the weathering zone. The description of the
weathering zone is reported in Appendix IV.
In the lab, particle-size distribution, pH, bulk density, and
gravel percentage were determined on the samples. Bulk density by the
core method was done on the samples taken from 1.5 m and deeper depths.
The BD data of the typical profile of the Clarion soil (138B) were
incorporated into Figure 17 to show the general trend of the compaction
of the material in this zone. The lab results are reported in Tables
5, 6, and 7 for all sites.
As Figure 17 shows, the moist bulk density of the samples in site
number 2 approached 2.0 g/cm at a depth of 3.5 m indicating a rela
tively high value for the BD and very low total porosity. The total
porosity based on the 2,65 g/cm particle density is 25%. Considering
about 23% clay (heavy loam) in this zone, the porosity is mainly com
posed of micropores having very low saturated hydraulic conductivity.
Therefore, water movement in this part of the saturated weathering zone
is so slow that it favors anaerobic conditions and very low redox
potential. The color notation of N 4/0 (neutral) shows a high percent
age of Fe is in the ferrous (reduced) form (Hallberg et al., 1978).
This indicates a very reduced condition or almost a condition of perma
nent water stagnation. The material's reaction (pH) is 8.0 to 8.1.
This zone is called the unoxidized-unleached zone (UU).
As reported by Hallberg et al. (1978), a study in Buchanan County
in Iowa showed that this UU zone regardless of stratigraphic units is
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Table 5. Particle-
reaction
-size distribution,
of site number 1
gravel percentage t and soil
Her. Depth Sand Fi.silt 13o.silt Clay Gravel^ pH "
^ w
cm j
Ap 0-15 29.5 11.3 33.0 26.2 0.1 5.9
A1 15-25 28.7 13.1 32.1 26.1 0.4 6.1
A2 25-46 31.5 17.2 23.2 28.1 0.2 6.6
AB 46-56 34.4 10.8 27.4 27.4 1.1 7.0
Bw 56-76 38.6 9.2 24.9 27.3 2.2 7.1
BC 76-86 31.0 11.8 32.5 24.7 1.9 7.2
Cl 86-102 40.1 10.8 26.8 22.3 3.0 7,7
Cl 102-117 38.2 12.0 30.2 19.6 2.0 7,8
Cl 117-135 39.2 11.8 29.1 19.9 2.2 8.0
C2 135-160 38.6 12.6 29.0 19.8 1.5 8.1
C3 160-191 34.8 13.2 32.6 20.2 2.6 8.1
2C 191-196 64.5 5.6 18.3 11.8 6.6 8.2
Gravel » percentage based on volume.
^pH^ * 1:1 soil and water ratio.
73
Table 6. Particle-size distribution, gravel percentage, and soil
reaction of site number 2
Hor. Depth Sand Fi.silt Co.silt Clay Gravel^ pH
w
cm 7 .
Ap 0-13 37.8 9,5 29.2 23,5 0.4 5.7
A 13-25 34.7 12.3 27.0 26.0 1.1 • 5.4
AB 25-33 34,1 11.7 26,7 27.5 1,0 5,8
Bwl 33-48 36,0 11.0 23.9 29.1 1.3 6.6
Bwl 48-64 37.1 10.0 25,2 27.7 1,2 7,0
Bw2 64-76 37,7 7,0 26.5 28.8 0,9 7.2
Bw2 76-89 37.2 10,0 28.3 24.5 1,6 7.2
Bw3 89-102 30,7 15,2 27.7 26,4 0,5 7.1
Bw3 102-114 28.1 15.7 30,1 26.1 0.5 7,5
BC 114-142 40,1 9.6 26,9 23.4 1.2 7,5
C 142-168 38.7 11.0 28.0 22,3 1.9 7.8
C 168-193 38,1 11.6 28,3 22.0 0.1 7.9
c 193-218 38,5 13,9 25,8 21,9 1.8 7.9
Cgl 218-244 38.6 8,4 29,7 23.3 2,2 7.9
Cgl 244-269 38.0 13,7 26.9 21.4 1.8 7.9
Cgl 269-295 38.4 10.8 29.6 21.4 1.4 7.9
Cg2 295-310 37.6 10.2 30.3 21.9 1.5 7.9
Cg3 310-318 38.6 10,0 39.1 22,3 1.7 8.0
Cg4 318-343 38,0 9.5 28.9 23.6 1.6 8.1
CgA 343-368 37.6 11,8 24.9 25,7 2,5 8.0
Gravel « percentage based on volume,
^pH^ =1:1 soil and water ratio.
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Table 7. Particle-size distribution, gravel percentage, and soil
reaction of site number 3
Hor. Depth Sand Fi.silt Co.silt Clay Gravel^ u bpH
^ w
cm
f
Ap 0-5 40.6 8.3 28.0 23.1 2.2 7.7
A1 5-19 2.8 7.6
A2 19-30 62.6 0.2 21.4 15.8 2.1 7.6
A3 30-43 57.5 4.8 22.9 14.8 2.2 7.6
Cgl 43-71 63.8 3.2 21.5 11.5 3.2 7,8
Cg2 71-114 38.4 12.0 30.6 19.0 1.5 7.9
C 114-137 38.9 12.2 29.0 19.9 1.5 7.9
C 137-152 38.4 15.3 26.5 19.8 3.3 7.9
C 152-170 38.2 15.4 21A 19.0 1.4 8.0 .
C 170-188 37.4 15.7 28.0 18.9 2.4 8.0
c 188-198 37.5 16.4 26.6 19.5 1.5 8.0
c 198-203 36.2 17.1 27.6 19.1 1.5 8.0
c 203-213 72.7 1.0 22.9 3.4 3.4 8.0
Gravel « percentage based on volume.
a 1:1 soil and water ratio.
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parallel to the land surface. Therefore, the UU zone in site number
2 is at a higher level than that of site number 2, whereas site number
3 is at a lower position than site number 2 and parallel to the surface
(Figure 18).
The maximum depths of penetration in sites 1 and 3 were 195 cm and
3 3210 cm, and the BD values were 1.8 g/cm and 1.9 g/cm , respectively.
Therefore, based on the morphological evidence and measured
physical properties of the materials in the weathering zones of the
study area, it can be concluded that maintaining a high water table in
the area is quite possible. However, the effect of the area's
topography on the hydraulic behavior of the water table with respect
to the relatively unfavorable topography of the area is beyond this
discussion.
Hydraulic Properties of the Major Horizons
of the Typical Pedons
Hydraulic properties of a soil can be best estimated by two
relationships: moisture content-matric suction relations and moisture
content-hydraulic conductivity (K(0)) relations. The knowledge of these
relations is needed to solve the flow equation. Therefore, the
individual determination of these hydraulic properties is necessary for
the major horizons of the Clarion, Nicollet, and Webster soils. This
information is needed to describe the hydraulic behavior of the root
zone to keep the optimum moisture condition for maximum crop production.
Hence, a knowledge of hydraulic properties should be available for
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efficient water management. However, in this study only moisture
coiitent-matric suction relation and plant available water content of
the major soils of the study area will be studied.
Moisture content and matric suction and their relation
Volumetric water content data at different tensions for the
Nicollet, Clarion, and Webster soils are reported in Tables 8, 9, and
10. One-third bar and 15-bar percentages were determined for all
horizons, while the 1/10- and l-bar percentages were only determined
for the major horizons of these soils. Moreover, the saturation
percentage also was measured for the Clarion and Webster soils and the
data are presented in the tables cited above. The relation of the water
content and matric suction is presented through soil moisture charac
teristic curves in Figures 19, 20, and 21.
As Table 8 shows, 1/3 bar% ranged from 41.6 to 27.8% in the
Nicollet soil. To convert the mean gravimetric water content, which
was the result of two or more replicates to volumetric water content
3 3(cm /cm ), the bulk density of the 1/3-bar tension was multiplied by
the gravimetric water content.
The water content at 15~bar tension for the Nicollet solum
ranged from 12.2 to 17,1%. The l/3-bar water content for the Clarion
soil ranged from 32.3 to 29.3%. The 15-bar water content for the solum
of this soil ranged from 11.2 to 15%. Both the 1/3-bar and 15-bar water
content of the Nicollet soil were higher than for the Clarion soil.
The uniform water content values of the Clarion soil at 1/3-bar
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Table 8. Water content and matric suction of the Nicollet loam
Mean volumetric water percentage
Hor. Depth Sat, 1/10 bar 1/3 bar 1 bar 15 bar
cm
Apl 0-17 40.4 41.6 38.9 12.2
Ap2 17-33 39.8 38.6 16.6
A 33-53 35.8 16.5
Bwl 53-74 37.3 17.1
Bw2 74-93 32.9 30.2 31.5 13.3
BC 93-110 27.8 11.6
Cgl. 110-133 29.3 10.9
Cg2 133+ 34.1 31.8 28.9 9.8
Table 9. Water content and matric suction of the Clarion loam
Mean volumetric water percentage
Hor. Depth Sat. 1/10 bar 1/3 bar 1 bar 15 bar
cm
Apl 0-13 34.3 32.4 30.3 31.9 11.2
Ap2 13-28 34.0 32.3 12.0
AB 28-48 34.8 30.7 13.8
Bwl 48-64 33.5 28.9 15.0
Bw2 64-94 34.5 36.8 33.1 34.3 13.7
BC 94-124 37.3 29.3 14.6
C1 124+ 34.4 28.0 25.5 26.1 11.2
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Table 10. Water content and matric suction of the Webster clay loam
Mean volumetric water percentage
Hor. Depth Sat. 1/10 bar 1/3 bar 1 bar 15 bar
cm
Ap 0-20 38.5 40.4 40.7 40.1 21.9
A 20-43 41.3 29.7 22.0
AB 43-66 34.7 31.8 18.0
Bgl 66-86 35.8 35.4 19.7
Bg2 86-115 33.1 34.7 34.0 34.6 14.7
BC 115+ 33.1 30.8 33.2 32.8 12.4
tension indicate a more uniform pore size distribution in the soil
solum.
The 1/3-bar water content for the Webster soil is similar to that
of Nicollet. Yet, the 15-bar water content values are apparently higher
than the Nicollet. This is due to the higher clay percentage and
mineralogy as well as the higher organic matter content of the Webster
soil as compared to those of Nicollet.
In a close examination of the data in Tables 8, 9, and 10 and
Figures 19, 20, and 21, it is clear that the values of the water content
at 1/10-, 1/3-, and 1-bar tension are too close to each other. For
example, the water content of the Apl or the Bw2 horizon is essentially
the same under these three tensions. Moreover, the water content values
for the Clarion and Nicollet soils are even higher than the values at
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1/3-bar tension for the same horizons. These problems are partly due
to the method used to determine the relation between the water content
and matric suction of the samples.
For example, the standard pressure-membrane procedure in which the
sample is removed from the chamber for weighing is not well suited for
precise determination of the water content on a given sample due to the
difficulty in reestablishing the hydraulic contact between the sample
and the porous plate. So, a weighable cell which does not require
separation of the sample from the plate is more suitable for
determination of this relation. However, for the purpose of bulk
density determination at different tensions, this method is not suitable
because volume measurement is not feasible.
In addition, the samples were coated three to four times with saran
(coating material) to prevent water soaking during the volume measure
ment process. The coating may cause air entrapment in the sample so
complete saturation is not possible. Therefore, the saturation
percentage is underestimated. Moreover, loss of a small part of the
sample through the patches which had been removed for the contact and
also loss of moisture by evaporation are possible in the standard
procedure. These losses may underestimate the water content at each
tension.
Probably niore important is an appropriate time requirement for
establishment of equilibrium with applied pressures on the clod samples.
For example, loam-textured soils such as those of Clarion and Nicollet
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soils need a longer time as the water content decreases because water
diffusivity decreases exponentially with a decrease in moisture, espe
cially in coarse-textured samples. Therefore, with the same logic,
fine-textured samples such as those from the Webster soil need a shorter
time for equilibrium. Therefore, samples of distinctly different
texture should be treated appropriately to be sure that the equilibrium
is established.
In general, the time needed for equilibrium is directly propor
tional to the sample length and inversely related to water diffusivity.
Therefore, the time requirement is a function of soil dimension (length)
and texture as well as degree of compaction of samples. However, in
this study, the samples from the view point of time for equilibrium were
not treated different according to their texture, degree to aggregation,
or dimension. The contact points were not big enough for enough contact
and also reestablishment of contact points could be incomplete although
it was tried to reestablish them as complete as possible. Hence, the
closeness of the data in the medium tensions could be partly due to the
technique used in the determinations.
Plant available water content
The moisture absorbed and water retained during rainfalls and/or
irrigation will determine the ability of a soil to provide moisture to
plants when irrigation and/or rainfall stops. The range of plant
available water (PAW) has been frequently used to evaluate this ability.
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The range of plant available wacer is defined by percentage of water
held between field capacity and permanent wilting point (Peters, 1965).
Figures 22, 23, and 24 show the plant available water content
(PAWC) for the Nicollet, Clarion, and Webster soils, respectively. The
associated data are listed in Tables 11, 12, and 13. As Tables 12 and
13 show, the Clarion and Webster soils generally have more uniform PAWC
in their sola; whereas, the Nicollet soil has a relatively more variable
PAWC in the solum. The shape of the PAWC area in Figure 22 illustrates
that this capacity decreases with depth and then increases. This could
be related to the relatively developed clay illuviation process in the
Nicollet solum. Clay illuviation can reduce the size of capillary pores
and as a result PAWC will be reduced. In general, the mean PAWC values
of the Nicollet soil are higher than those of Clarion and Webster.
The 1/3-bar water percentage has been found to be closely related
to field capacity for many soils. However, this upper limit of the PAWC
is strongly dependent on degree of aggregation. Therefore, for the
topsoil of the Clarion, Nicollet, and Webster soils due to moderate
granular soil structure (mollic epipedon), using 1/3-bar tension may
underestimate the PAWC of these soils. However, for B and C horizons
of the Clarion and Nicollet soils with a heavy loam texture and poor
to moderate aggregation, 1/3-bar percentage is more likely a good
estimation of the field capacity.
Fifteen-bar percentage also sufficiently describes the permanent
wilting point (PWP) of these loam-textured soils. On the other hand,
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Table 11. Plant available water content (PAWC) and ratio of 15-bar
water content to clay percentage for the Nicollet soil
Horizon Depth PAWC 15 Bar Ov%/clay%
cm %
Apl 0-17 29.4 0.5
Ap2 17-33 22.0 0,6
A 33-53 19.3 0.6
Bwl 53-74 20.2 0.6
Bw2 74-93 16.8 0.6
BC 93-110 16.1 0.6
Cgl 110-133 18.4 0.6
Cg2 133+ 22.0 0.5
Water content at 1/10- and
the major horizons of the soils.
1-bar tension was only determined for
Table 12. Plant
water
available water
content to clay
content (PAWC)
percentage for
and ratio of 15-bar
the Clarion soil
Horizon Depth PAWC 15 Bar Ov%/clay%
cm •%
Apl 0-13 19.1 0.5
Ap2 13-28 20.3 0.5
• AB 28-48 16.9 0.5
Bwl 48-64 13.8 0.6
Bw2 64-94 19.4 0.6
BC 94-124 14.7 0.7
C1 124+ 14.3 0.6
Saturated water content for the Clarion soil (except for the Ap2
horizon) was not determined.
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Table 13. Plant
water
available water
content to clay
content (PAWC)
percentage for
and ratio of 15-bar
the Webster soil
Horizon Depth PAWC 15 Bar Ov%/cIay%
cm
Ap 0-20 18.8 0.8
A 20-43 17.7 0.8
AB 43-66 13.8 0.7
Bwl 66-86 15.8 0.8
Bw2 86-115 19.3 0.6
BC 115+ 20.7 0.5
15-bar tension may not be a good estimator of permanent wilting point
in the Webster clay loam because of the dominantly smectite clay
mineralogy and fine texture. Therefore, a lab and field measurement
of PWP may be required for this soil. However, this point is not as
critical as the field capacity in the project because once the soil
moisture is elevated to field capacity it will be maintained near this
level for the main part of the growing season.
In summary, the accuracy of the PAWC values depends in turn on the
accuracy of estimation of FC and PWP. For more accurate estimation,
a knowledge of the degree of aggregation, particle-size distribution,
organic matter content as well as mineralogy will be helpful. Moreover,
a knowledge of moisture content and matrix suction in addition to
saturated and unsaturated hydraulic conductivity is needed to solve flow
equations. In this study, an attempt was made to find the relationship
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between moisture content and matrix suction by use of the undisturbed
clod samples from the major horizons of the Clarion, Nicollet, and
Webster soils. However, this technique has some potential problems
which have been addressed in the discussion section.
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CONCLUSION
The study area was mapped at a scale of 1:1400. The major map
units in the order of acreage were: Nicollet loam (55), Clarion loam
(138B), and Webster clay loam (107). The purity of these map units was
about 90%. Hence, the focus was on these map units for analyses and
interpretations. In general, these soils were in the range of the
National Cooperative Soil Survey (NCSS) established soil series.
However, some similar and dissimilar inclusions were also identified.
Since the extent of the dissimilar inclusion was not significant, it
will not affect soil management in the project area.
Bulk density (BD) is a good index of soil compaction. Therefore,
to estimate the degree of soil compaction and derive other interpreta
tions from BD data, the BD of major horizons of the major map units were
measured by the clod method under different moisture conditions. Based
on the data obtained, the lowest BD at 1/3-bar tension (1.19 g/cra ) and,
in turn, the highest total porosity (55%) occurred in the Apl horizon
of the Nicollet soil.
In general, the topsoil of the Nicollet soil had the lowest
3
weighted average BD (1.28 g/cm ) as compared with the other two soils.
On the other hand, the subsoil of the Clarion soil had the lowest
weighted average BD at 1/3-bar tension (1.41 g/cm^). Unlike the
subsoil, the topsoil of this soil had the highest weighted average BD
at 1/3-bar tension. The subsoil of the Webster soil had the highest
93
o
weighted average BD at 1/3-bar (1.63 g/cm ). Taking internal drainage
for example, the Clarion soil has a better internal drainage with
respect to the other two soils. This is also clearly shown in the
morphology of this soil. Moreover, the compaction of topsoil affects
the infiltration rate and susceptibility of soils to soil erosion. With
respect to erosion susceptibility, the Clarion soil has the most
potential and the Nicollet soil has the least.
The lateral and vertical variations of the weathering zones due to
their importance to the feasibility of the project were studied. The
study revealed that the BD at a depth of 3.5 maproached 2.0 g/cm^
indicating a total porosity of 25%. Moreover, the color notation of
N4/0 indicates that Fe is mainly in a reduced form at this depth. Both
the bulk density and morphology data indicated that this zone is highly
compacted capable of making a relatively impervious layer. Hence, this
evidence confirms that maintaining a high water table in the study area
is quite possible.
Hydraulic properties of soils can be best estimated fay moisture
content-matric suction and moisture content-hydraulic conductivity
relations. The information provided by these relations can be used to
solve flow equations. However, in this study, just the relation between
water content and suction by use of the undisturbed samples was studied.
From the data obtained, plant available water content (PAWC) was
calculated for the major soils.
Examination of the moisture content-matric suction data showed that
these data were close to each other for 1/10-, 1/3-, and 1-bar tensions
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for the major soils. (The clod samples used in the standard procedure
for determination of the relation in this study.) The clod method used
has some potential problems which have been addressed. Some comments
have been included as suggestions for improvement of data acquisition
by this method.
Based on the assumption that 1/3-bar tension is a good estimator
of field capacity and 15-bar tension estimates permanent wilting point,
the PAWC of the Clarion, Nicollet, and Webster soils were calculated and
presented graphically. The data obtained showed that PAWC of the
Clarion and Webster soils are similar. However, the Nicollet soil had
higher PAWC than the Clarion and Webster soils.
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PART II: QUALITATIVE CLAY MINERALOGY OF THE MAJOR
HORIZONS OF CLARION, NICOLLET, AND WEBSTER
PEDONS
96
INTRODUCTION
Selected clay mineralogy characteristics of the Clarion, Nicollet,
and Webster soils in the study area will be examined in this part.
Quantitative as well as qualitative study of clay-sized particles
in soils is important. Clay-sized materials have a significant effect
on fertility, morphological, and physical properties of soils. Climate
and vegetation through weathering of primary minerals and/or transfor
mation of the present clay minerals have an important impact on changes
of clay mineralogy throughout pedogenic processes for soils on the
stable surfaces. However, clay mineralogy of the young till materials
on the Cary Lobe is controlled mainly by the inherent characteristics
of the till, and climate and vegetation had little effect due to the
youthful age of the landscape.
A few workers attempted to study the clay mineralogy of surficial
materials of the Cary till. McCracken (1956) studied some samples from
a Bw horizon of Clarion soil (cambic horizon) by differential thermal
analysis and x-ray diffraction methods to gain some quantitative infor
mation about clay mineralogy of the till-derived soils in the Cary till.
After removal of organic matter and fractionation of the clay-sized
materials into fine and coarse fractions, saturation with calcium, and
solvation with glycerol, the samples were mounted on the instrument for
x-ray analysis. The results of the analyses showed in the 2-5 urn frac
tion the major mineral was quartz. Also, some kaolinite and mica were
present. In the 2-0.2 um fraction, montmorillonite and quartz were
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present and, in addition, smaller amounts of illite and kaolinite. He
could not make any interpretation for the <2 um fraction due to their
poorly defined x-ray patterns. This might be related to incomplete
removal of the cementing agents such as organic matter and carbonates
and others or due to the presence of amorphous material such as organic
colloids. This incomplete removal can reduce the proper orientation
of minerals in the samples on the ceramic tiles. He also reported the
lack of evidence for random interstratification of illite and
montmorillonite.
In general, in Iowa the clay mineralogy of Pleistocene materials
are not diverse and, if care is taken, a semiquantitative technique
which was originally developed by Dr. Herbert D. Glass of the Illinois
State Geological Survey may be used to characterize the stratigraphy
and mineralogy of these materials (Hallberg et al., 1978). This
technique was used to analyze about 2000 samples and was consistent and
repeatable with very low standard deviation for individual clay
percentages.
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MATERIALS AND METHODS
Clay minerals are fairly stable. However, in general, the use of
pretreatmenC involves the risk of either altering or destroying frac
tions of soil other than for which the treatment was intended. The
general rule is to use the least possible pretreatment. In qualitative
analysis of clay fraction of the soil samples collected from major
horizons of the typical pedons, this rule was kept in mind and each
horizon was treated accordingly. Following air drying, crushing, and
passing through a 2-rara sieve, each sample was mixed thoroughly and
subsampled for the following steps.
Removal of Cementing Agents and Fractionation
of Soil Separates
The 20 g of <2-mm soil samples were physically and chemically
dispersed and fractionated into sand, silt, and clay fractions.
Nevertheless, not all the samples were chemically dispersed. From two
sets of samples taken from A horizons, one set was treated only with
10% H2O2 to remove organic matter and no treatment was used for
carbonates on both sets. The samples taken from the C horizons were
treated only with 1 N sodium ammonium acetate buffered at pH 5 to remove
most of the free carbonates. Therefore, samples from B horizons did
not receive any chemical pretreatment because they were low in organic
matter and free carbonates.
After removal of cementing agents, all the samples were shaken
overnight and then fractionated into >0.05 mm (sand) and <0.05 mm
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(silt and clay) by wet sieving. Further fractionation into silt and
clay (<2 ram) was performed by centrifugation at 900 rpm for 4 min. The
sand and silt fractions were saved for possible future use, while the
clay part was subsampled and made ready for x-ray diffraction analysis.
Preparation of the Clay Fraction for X-ray
Magnesium saturation treatment (1^8-25" C)
The clay fraction of samples was treated with 1 NMgCl2 and allowed
to sit overnight. The excess MgCl2 and other salts were washed out with
water and alcohol by using centrifugation to settle the clay particles.
The clay samples were resuspended in distilled water and added drop-wise
to ceramic tile plates under suction to make mounts for x-ray analysis,
Mg-ethyleneglycol treatment (Mg-EG)
The Mg~saturated samples after being x-rayed were sprayed with 10%
ethylene glycol (EG) solution and allowed to sit overnight and then
x-rayed. Both Mg-saturated and Mg-EG treated samples were x-rayed under
50% relative humidity and a temperature of 25®C.
Potassium saturation treatment (K-25°C)
To the subsamples of Mg-saturated treatment, 2 N KCl was added to
saturate the exchange sites of the clay fraction with K ions. Following
removal of the excess C1 ions with water and alcohol washes and subse
quent centrifuging, K-saturated samples were resuspended in distilled
water and tile mounts were prepared. The uniform films of treated
{•
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samples were placed on ceramic tiles for x-ray analysis. After x-raying
of K-saturated samples at 25°C, they were heated to 550°C for 2 hr in
a furnace, cooled in a desiccator, and then x-rayed.
The procedure of Jackson (1975) was followed and used for identi
fication of different clay minerals as follows:
1. Mg-sat. at 25°C and 50% RH,
2. Mg-EG at 25°C and 50% RH,
3. K-sat, at 25®C, and
4. K-sat. at 550°C.
The samples were x-rayed with a General Electric XRD-6 diffractom-
eter equipped with a graphite monochromatic filter using radiation
of a copper tube at a scanning rate of 2°0 at 2® per minute over a range
of 2 to 32° 20. Other settings were: chart speed 5 cm/min, scale or
range 1000 or 2000 count/sec, and a time constant of 2 sec.
The criteria for species differentiation of the major clay minerals
were as follows:
1. Kaolinite has a first order reflection (dool) of 7.2 A° and
doo2 of 3.5 A° for K and Mg-sat. for samples either with or
without glycolation. However, if heated to 550°C, the dool
and doo2 peaks disappear due to destruction of the mineral at
this temperature,
2. Smectite has a dool with 18 A® peak with Mg-EG treatment and
a 10-14 A peak with Mg-25®C treatment; further, it collapses
upon heating at 550°C to a 10 A® peak.
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3. Micas, including illite and muscovite, have a 10 A® peak which
is fixed throughout all the treatments.
4. Chlorite has a dool reflection at 14 A® peak and does not
change with any treatment.
5. Vermiculite with 14 A° peak has a dool reflection that
contracts to 10 A° when saturated with K. Interlayered
aluminum species do not collapse if any are present in the
samples.
6. And finally, quartz has 3.3 and 4.2 A® peaks that do not change
with any treatment.
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RESULTS AND DISCUSSION
The qualitative clay mineralogy of the less than 2 urn fraction of
the major soils of the major horizons of the Clarion-Nicollet-Webster
soil association was examined with standard treatments, Mg-25°C, Mg-EG,
and K-25''C and K-550®C. The two major objectives of this phase of the
study were:
1. to investigate the clay mineral suite of each major horizon
and soils
2. to study the clay mineral variability as a function of the
landscape position.
Clay Mineral Suites
The reason for selecting the major horizons is rather obvious.
A major horizon of soils may represent different morphological, mineral-
ogical, physical, chemical, and biological conditions under which the
horizon is formed. For example, in the A horizon the rate of physical
and biochemical degradation may exceed the other type of weathering so
it varies the type of minerals composition. In the B horizon, due to
illuviation and different moisture environments, type and rate of the
chemical and biochemical reactions are different leading to more vari
ation as compared to the parent material. In general, the B horizon
is the main zone of pedological activities; for example, mineral trans
formations may occur in this horizon. In the C horizon, due to the
presence of free carbonates and/or more saturated and near saturated
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conditions, the weathering condition may be significantly different from
those of A and B horizons which are usually free of carbonates or have
better aeration conditions.
However, clay minerals are fairly stable and significant changes
are unlikely unless they were different in the parent materials and/or
after the landscape stabilized the soil environment varied and stayed
for enough time to change the minerals. In the following, qualitative
clay mineralogy of each of the major soils will be discussed.
The Clarion loam
Figures 26 to 28 show the smooth x-ray pattern of the Apl, Bw2,
and C1 horizons of the Clarion soil under three different standard
treatments (Mg-25®C, Mg-EG, and K-saturated) and heat treatments at room
temperature and at 550°C.
In the A horizon, usually the peaks are broad and diffused with
both treatments of Mg-25°C and Mg-EG either with or without pretreat-
ment with H202* In general, mineral identification for expanding clays
faces some difficulties in A horizons mainly due to the presence of
relatively high amounts of organic matter. On the other hand, harsh
treatment for complete removal of the organic matter may be destructive
to the structure of the minerals. Therefore, vdiat is identified may
not be representative of the clay suite and for this reason mild or no
treatments are recommended.
For example, in this study 5 ml of 10% H2O2 were used on 20 g of
the soil sample of this horizon. However, no expanding clay could be
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identified. This may mean that this treatment is not harsh enough to
remove the organic matter and allow preferred orientation to the extent
that the intensity of diffraction from the expanding clays could be
dominant. Also, it may mean that the structural imperfection of the
expanding clays is so much that their diffraction can not be
intensified.
Since the geomorphlc surface on which this map unit occurs is
young, significant variation from the clay mineralogy of the parent
material is unlikely. As it is clear from the diffractogram of the C1
horizon, the dominant expanding clay mineral is smectite so if more
organic material of the A horizon could be carefully removed, probably
a relatively more distinct smectite peak could be detected. However,
in the Apl horizon, a mixture of illite (mica), kaolinite, and quartz
was identified. Treatment with ^>^2 Provided a better identification
of the illite.
The smooth diffractogram of the Bw2 horizon shows a mixture of
smectite, kaolinite, verraiculite, and quartz and very weak evidence of
illite. There is also weak evidence of interstratified minerals.
Smectite is the dominant mineral and was identified by the shift from
1.4 nm to 1.8 nm which occurred upon glycolation treatment. The
diffractogram is broadened about the illite d-spacing (1.0 nm). Since
there is also weak indication of vermiculite with Mg-EG treatment, this
broadened peak may be interpreted as illite that is under transformation
to vermiculite due to the pedogenic activities in this horizon.
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However, part of this diffused pattern may also be due to the
incomplete removal of organic matter, which is least likely, because
even without ^2^2 ^ good identification of the smectite is
possible and smectite is much more sensitive to the incomplete removal
of the organic matter. Nevertheless, the intensity of the smectite peak
does not seem high enough for this horizon. Amild treatment with ^2^2
would probably improve the peak intensities.
Verraiculite is not present in a significant amount at least in the
Apl horizon. Upon treatment of the K-saturated sample at 550°G» if
chlorite minerals are present there should be a peak at 1.4 to 1.44 nm
but there is no peak in this area (Figure 28). In fact, chlorite is
relatively low in most soils. The abundance is low due to its low
stability or to the difficulty of distinguishing small amounts of it
in the presence of illite and mica (Barnhisel, 1977).
In the C1 horizon, the predominant clay mineral is smectite.
However, a mixture of illite, kaolinite, and quartz is also present.
This mineralogy suite should represent the mineralogy of the parent
material.
In summary, the mineral suite of the Bw2 horizon is composed of
smectite, vermiculite, illite, and quartz. Smectite is relatively
dominant in the Bw2 horizon and predominant in the C1 horizon.
Vermiculite and illite are present in small amounts and appeared to be
in the stage of transformation to each other in the Bw2 horizon.
Chlorite is not present in an identifiable amount at least in the Apl
horizon.
109
The Nicollet loam
Figures 29 to 32 show the smoothed diffractograms of the major
horizons of the Nicollet soil. The x-ray patterns are to some extent
similar to those of Clarion soil. The identified minerals are
smectite, vermiculite, illite, kaolinite, and quartz. Smectite is the
predominant clay mineral. Chlorite is not present in the A, B, or C
horizons (Figure 32).
Because kaolinite is a stable mineral in the Cary till under the
past and present weathering environment of this area, the ratio of
smectite/kaolinite may be used to show the general change from one
horizon to another. As Figure 30 shows, this ratio tends to increase
with depth. This increase indicates that the smectite is inherited
from the parent materials.
Nicollet is on the most stable position in the study area. In
spite of the youthfulness of the material, there may be some
relatively significant changes in the mineral suite and intensities
due to the pedogenic processes on this stable surface. For example,
as Figure 14 illustrates, the clay maximum occurs at about 60 cm or
in the Bwl horizon due to illuviation-eluviation processes.
Therefore, one may expect to see the maximum value for the smectite/
kaolinite ratio. Since the Bwl horizon was not x-rayed, this expecta
tion of the ratio could not be confirmed.
In general, several factors are involved in the peak intensities
and variation. These factors are: (1) particle size. (2) chemical
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composition, (3) crystal imperfection, (4) variation in absorption of
x-ray, and (5) sample thickness and density. Therefore, the variation
of the smectite can be attributed to any one or a combination of these
factors. Yet the ratio of smectite/kaolinite is relatively valid for
a semiquantitative examination because most of the factors may have
affected both minerals. For further examination of the mineral suite
in the future, particle size and sample thickness and density can-be
controlled in a quantitative study.
Briefly, the identified minerals in the Nicollet loam soil are
dominated by smectite but a mixture of illite, kaolinite, vermiculite,
and quartz is also present. Chlorite is not present throughout the
soil profile. Mild treatment of the Apl horizon with 10% ^2^2
useful in identification of the smectite and vermiculite.
The Webster clay loam
The smoothed diffractograms of the Webster soil are shown in
Figures 33 to 35. The predominant mineral is smectite with relatively
small amounts of kaolinite, illite, and quartz. No chlorite is
present in the Apl horizon. There is no evidence of vermiculite.
However, a very distinct increase in the smectite/kaolinite ratio is
obvious for all horizons as compared to those of the Nicollet and
Clarion soils.
As Figure 14 illustrates, there is no clay maximum in this
soil profile of the Webster soil. The clay varies less than 5%
between the horizons so it is fairly uniform throughout the profile.
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The ratio of smectite/kaolinite, except for the Apl horizon which was
not treated with alfnost independent of the depth. Therefore,
the predominant mineral is smectite and it does not change signifi
cantly throughout the soil profile.
Treatment with 10 ml of 10% H2O2 was very effective in terms of
improved orientation of the smectite mineral for x-ray diffraction
although this removal was incomplete but seemed to be enough.
In summary, smectite is the predominant layered clay mineral of
the Clarion, Nicollet, and Webster soils. In addition, there is a
mixture of illite, kaolinite, and quartz. A small amount of vermicu-
lite is also present and its evidence is more obvious in the Nicollet
soil. Chlorite is not present in the Nicollet profile and the Apl
horizons of the other soils. It may be concluded that chlorite is not
present in the Bw2 hprizons of the Webster and Clarion soils due to
the common parent material.
And finally, with respect to the smectite/kaolinite ratio and
variation of a mineral from one horizon to the other, a quantitative
analysis with an internal standard is needed to further substantiate
these analyses and the amount of change that has occurred. Further
fractionation of the clay into fine and coarse clay is recommended in
addition to the harsher treatment of the Apl and Bw2 horizons of the
Nicollet and Clarion soils with H2O2 to see if there will be any
significant improvement in the analyses.
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Clay Mineralogy of Clarion, Nicollet, and Webster
as a Function of Landscape Position
The dominant soil-landscape model in the Clarion-Nicollet-Webster
soil is such chat the Clarion soils are on summit, Nicollet soils on
summit and backslope, and Webster soils on toe or footslope positions.
In this model, as Wysocki (1983) stated from Ruhe, mineral and
particle-size segregation occur. However, the model in the study area
is different in that the Nicollet soil is on the summit and the
Clarion on the backslope position. In this model, therefore, the most
stable surface is the Nicollet soil, but the Clarion and Webster soils
have an erosional-depositional relationship and are essentially formed
on surfaces of the same age.
Since the Clarion soil is on the upper position, it provides the
Webster soil with the fine sediment materials; and the Clarion soil in
turn is receiving material from the shoulder and also at a lower rate
from the summit position. Therefore, as eroded materials from the
upper position reach the backslope (2-5% slope), coarser materials are
deposited and finer ones will be carried away to the toe and footslope
positions. Therefore, Ruhe's model about mineral sorting is not
applicable to the entire landscape of the study area due to the
association of the Clarion and Webster soils.
In general, certain minerals are associated with particle size.
In the 0.2-2 |im fraction (coarse clay), quartz, kaolinite, and illite
are predominant and in the <0.2 pm fraction smectite and mica are
dominant. Therefore, in Ruhe's model stepping downslope, smectite and
mica increase and kaolinite and quartz decrease (Wysocki, 1983).
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However, in the present soil-landscape of the study area,
stepping downslope from Nicollet soil, smectite clay decreases in the
backslope (in the Clarion soil) and then increases in the toe and
footslope positions again (in the Webster soil). The Clarion soil has
the coarsest texture in the solum and lowest amount of smectite. The
Webster soil has the finest texture in the solum and the highest
amount of smectite. The Nicollet soil is intermediate between these
two extremes. However, a quantitative analysis is necessary to
confirm these observations.
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CONCLUSIONS
The clay mineralogy of the loamy surficial sediments of the study
area is inherited from the calcareous loamy till parent material of
the Gary till with little modification. Smectite is the predominant
clay mineral of all three soils. However, small mixtures of illite,
kaolinite, vermiculite, and quartz are also present in the clay
fraction.
A smectite mineral is a 2:1 clay having high shrink-swell
potential. This property causes the topsoil and/or solum to crack
during dry periods. This potential is mainly a function of the
smectite clay content. Hence/ it is highest in the toeslope position
(Webster soil), lowest in the backslope position (Clarion soil), and
intermediate in the summit (Nicollet soil). Plants may root deeper
into the cracks produced by shrinkage in the Webster soil than that
of the Clarion and Nicollet soils. The deeper root channels and
cracks may improve the percolation of the soil profile by preferential
water flow which may result in subsequent loss of the nutrients, for
example loss of nitrates, to the drainage tiles. Therefore, hydraulic
properties and nutrient status of the Webster soil differ from those
of the Clarion and Nicollet soils due to the changes in mineralogy.
The Nicollet soils show a stronger evidence of vermiculite clay
minerals in their solura as compared to those of Webster and Clarion
soils. Since this clay mineral is very active in K-fixation, the
Nicollet soil may fix relatively more K with respect to the other
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soils of the study area and need more of this element for optimum crop
production.
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PART III: TEMPORAL AND SPATIAL VARIABILITY OF
SELECTED PROPERTIES OF THE
CLARION-NICOLLET-WEBSTER SOILS
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INTRODUCTION
Spatial variation of soil attributes such as chemical, physical,
and hydrological is a demanding subject. The common, traditional, and
more practical way of expressing soil variation is through soil
classification and soil survey. These approaches result in separation
of similar and different soil units on a regional scale. Thus, the
precision of data acquisition and interpretation is mainly scale
dependent.
In order to separate similar and different soil bodies or to draw
boundaries among different soils, a relatively huge body of knowledge
of science including basic science as well as the sciences of geomor-
phology, pedology, hydrology, and ecology should be integrated. Yet
the process is still rather subjective at some stages. Statistically,
soil survey techniques are a point estimation approach since typical
pedons of map units and/or series are the basis of most inferences and
are used to transfer technology from one soil to another.
However, as management and use of soil resources become more
intensive, the need for a more quantitative approach is a necessity.
To satisfy this need, a relatively new technique called geostatistics
recently has been developed. It is a useful tool in many fields,
including soil science. Primarily, the technique based on the region
alized variable theory was developed in the raining industry (Clark,
1980). This theory relates the values of soil variables to their
positions. Moreover, this technique has been used to a lesser degree
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in hydrology (Kitandis and Vomoris, 1983), irrigation (Hajrasuliha et
al., 1980), and soil science studies (Burgess and Webster, 1980).
The theory involves fitting of standard models into the experi
mental data that are provided by different sampling techniques. The
scale and magnitudes of parameters defining the models give the vari
ation, shapes, and forms and provide insight into the nature of soil
variation (Oliver, 1985).
There are some differences, however, between this technique and
classical statistics that are widely used in soil science and agricul
ture. The major difference is in the way these methods view dependency
and correlation of variables in a region. Generally, classical agri
cultural statistics are used in estimating the mean and assumes
independent variables v^ich contain random errors. However, many soil
properties tend to exhibit a spatial dependency whose values depend on
their location and direction. In classical statistics, this spatial
dependency is not directly considered, \»tiereas in geostatistics
correlation is the center core.
One of the aspects that is commonly expressed in both approaches
is systematic and random variation. Almost any soil observation has
a part that is explainable and called systematic variation. There is
another part that is not explainable and is called random error. Often
if more detailed sampling proceeds» some of the random error becomes
explainable and so the degree of systematic and random error is scale
dependent.
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The term semivariance of geostatistics is based on regionalized
variable theory developed by Matheron in 1965. Regionalized variable
Z(x) is a random function taking different values of Z in accordance
to its location x within some area. The semivariance component of the
random variable is defined as half the expected square difference
between sample variables separated by a given distance; i.e.,
Y(h) = E [(Z(xi) - Z(xi + h)]^ (1)
where h is the distance lag, Z(xi) and xi were defined before.
Based on the regionalized theory, semivariance is dependent merely
on the distance (xi) and direction of separation of variables (Tangmar
et al., 1985).
The purpose of semivariance is," however, to define the range (a)
over which variables are independent and correlation approaches zero.
Thus, it is the method defining the range of influence whose parameters
are used in the kriging process and interpolations among the measure
ments (Philip and Wiston, 1986).
Kriging is a method estimating spatially distributed random
variables at space and time in which variables are normally distributed
or normalized through transformation. It can also give the degree of
expected error associated with each estimation. So, to accomplish this
purpose, calculation of semivariance is necessary.
Experimental semivariance is defined as
1 N(h) „
=WhT \ ^2)
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where N(h) is the number of lags or pair of observations Z(xi) and
Z(xi + h).
The display of Y*(h) versus (.h) is called semivariance which is
a function of distance (h) if isotropic and a function of both distance
and direction if anisotropic conditions exist in the study areas (Figure
36). Isotropy is a condition in which the variable in question varies
in all direction with the sajne trend, while in anisotropy the trend
changes with direction.
The shapes and forms of semivariances can be different depending
on the variables under study and sampling intervals. There are two
general models with and without sill. Sill could be defined as the
value of Y*(h) at the point where the semivariance levels off or if
Y*(h) has a limiting value as h increases. This limit is called sill
2and is equal to the variance (S ) of the observations in the study area.
In the models with sill, Y*(h) increases with lag distance (h) and
eventually reaches a point beyond which Y*(h) has a more or less
constant value. The distance at which Y*(h) reaches the sill is called
the range of spatial dependency or simply range (a). The Y*(h) beyond
2
a range equals variance (S) of the observations.
Range is an important statistic of any Y*(h) since the measurements
separated by the distance closer than range (a) are spatially correlated
whereas those beyond it are not correlated. Therefore, it has an
important application in soil sampling procedure.
figure 36.
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Moiimum Varionci in Oota Stt (fc.)
• liAjltipit. Equoliy Spoettf Ob««fveiieni
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t. I , — -t.
The relationship between semivariance and related structures
(A) Idealized semivariogram with zero nugget variance and
(B) observed seraivariograms for soil properties with nugget
variance (from Wilding and Drees, 1983)
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In ideal models, Y*(h) = 0 where distance (h) aproaches zero
(Figure 36). However, often for most soil properties there is a
completely random effect called nugget variance ranging from 0 to 100%
of sill (Figure 36-A). Zero effect nugget indicates there is neither
a measurement error nor a short-range variation in sampling areas.
On the other hand, 100% nugget exhibits a very large short-range
variance and a total absence of spatial correlation at the scale of
sampling. But, more likely, increasing of the sampling detail decreases
this effect and reveals some structures for semivariograms such as sill,
range, and nugget and structural variance (Figure 36-B).
The importance of nugget effect is that if its value does not
decrease by the sampling method, for example through decrease of
sampling distance, it shows the precision of the sampling procedure is
too low. Furthermore, it sets up the lower limit of the size of esti
mated variance in the kriging procedure and therefore it is crucial to
the degree of precision of interpolation and inferences in spatial
variability (Trangmar et al., 1985).
The second type of general models is without sill. In this case,
2
variance (S) and covariance can not be defined so the second order
stationary assumption which is essential to regionalized theory is not
applicable. The assumption implies that to apply this theory, mean and
variance in study areas should be definite. In the model without sill,
both parameters (mean and variance) can not be defined. Therefore, this
model may be appropriate for variables with regional trends.
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The theoretical models with sill could be in linear, spherical,
exponential, or Gaussian types. The most commonly used, however, are
linear and spherical. Spherical models vdiich result in a more precise
interpolation from kriging for spatial variability give larger ranges
and smaller nugget variances with respect to that of the linear models.
However, its model fitting of theoretical to experimental model is more
complicated (Figure 36-B).
Interesting that although geostatistics is a promising alternative
for classical and traditional ways of expressing soil variability, one
should not overemphasize it. Some workers have tried to show its poten
tial use in soil application by comparing both approaches of expressing
soil variability.
For example, Bouma (1985) compared spatial variability which was
achieved through use of soil survey information in a study of hydraulic
conductivity and soil moisture retention data with that of kriging.
These data, directly attributed to the delineated areas on the soil map.
The kriging data were based on the data points obtained from soil
borings by random sampling for the same area and properties. The
results of this comparison showed that kriging resulted in less accurate
prediction than that of soil map information.
Therefore, in application of this technique, one should be aware
of its limitation, high sampling costs, as well as complicated data
processing. However, as Trangmar (1985) discussed, it has been shown
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shown that it is useful in identification of map units and placement
of mapping boundaries.
In conclusion, the steps that are important in the semivariance
technique are the selection of an appropriate sampling procedure and
selection of a proper theoretical model to fit the experimental model.
The selection of a model is crucial since each theoretical model yields
different values for nugget variance and range that are important in
precision of the subsequent inferences. And finally, care should be
taken in the use of this technique with respect to its cost, complica
tion, and limitations.
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MATERIALS AND METHODS
Soil Sampling and Analysis
To study the spatial variation of selected soil properties by use
of conventional statistics as well as geostatistical methods, soil cores
(5.0 cm diameter) were collected along two transects at 30 m intervals
in Agronomy no. 1 area. Eight sites were sampled on each transect.
A total of 16 sites were sampled. Soil core depths ranged from a
minimum of 91 cm to a maximum of 175 cm. Soil cores in the field were
described for depth to carbonates, thickness of mollic epipedon, color
of A horizon, evidence of >2 mm particles, and mottling.
After description, bulk samples were collected from each profile
at 15-cm depth increments and then air dried and passed through a 2-ram
sieve. Representative subsamples were ground by mortar and pestle and
passed through a lOO-mesh sieve and used for organic carbon determina
tions by the Walkley-Black method. This analysis was limited to A and
B horizons. Particle size distribution and gravel percentage were also
determined. Elevation of the sites was established by using a transit
and rod.
Statistical Data Interpretation
A SAS (version 6) program was used to calculate the conventional
statistical statistics for the selected properties. The calculated
statistics were mean, standard deviation, standard error, coefficient
of variation, range, maximum, and minimum. Geostatistical principles
were also applied to analyze the field and laboratory data.
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Semivariances were calculated and semivariograms were plotted for
the north-south direction. A Fortran program on an IBM PC (Yost et al.,
1986) was used. Directional and parallel semivariances were averaged
for equal lag distances (h). No attempt was made to fit theoretical
models into experimental models due to the insufficient number of pairs
and generally high nugget values in the semivariograms.
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RESULTS AND DISCUSSION
The main objective of this phase of the study was to obtain a
quantitative insight into soil variability of selected soil properties.
This task was addressed by both conventional and relatively new
geostatistical methods.
Sand, clay, organic carbon content, mollic epipedon thickness, and
depth to carbonates were analyzed. Statistical analyses were conducted
to obtain the sample statistical characteristics of the measured values
to have some general ideas about the soil variability of different depth
increments over the landscape.
First, general statistical procedures were run on the sample values
to look at the temporal variability of the selected properties. Mean
(ave), variance (S ), standard deviation (std), standard error (SE),
minimum (min), maximum (max), range, and coefficient of variation (CV)
were calculated. For this study, mainly the mean, variance, standard
error, and coefficient of variation have been used since, in addition
to variance, limit of accuracy of SE and CV are two other valuable
indexes of temporal variability.
Second, the experimental semivariances, Y*(h), were computed for
the above properties. An attempt was made to analyze and interpret
these Y*(h) to determine whether they are appropriate for theoretical
model fitting in order to help the future soil sampling scheme in the
study area. However, before introducing temporal and spatial vari-
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ability, the range in characteristics will be reviewed to have a general
idea about the variability within and among the map units.
Range in Characteristics of the Major Map Units
Clarion loam
The solum thickness typically ranges between 65 and 115 cm with
an estimated range of 65 to 150 cm. Depth to carbonates is quite vari
able within short distances; however, typically its lower limit is about
65 cm and the upper limit is about 150 cm. The coarser fragments of
different lithology comprise <5% of the soil volume. The control
section (25 to 100 cm) has 24 to 30% clay.
The A horizon commonly ranges in color from black (lOYR 2/1) to
very dark brown (lOYR 2/2) and the thickness from 25 to 45 cm with an
extreme range of 15 to 50 cm. The A horizon typically is loam in
texture. The B horizon's color ranges from dark brown (lOYR 4/3) to
dark yellowish brown (lOYR 4/4) and is free of carbonates. The C
horizon typically is loam, but some pedons are sandy loam with about
60% sand content.
Nicollet loam
The solum thickness and the depth to carbonates typically range
between 80 and 120 cm with an extreme range of 60 cm for the lower
limit. The coarse fragments of various lithology comprise <5% of the
solum. The 25-cm to 100-cm section averages between 22 and 30% clay
and 25 to 40% sand. The A horizon has hue of lOYR, value of 2 to 3,
and chroma of 1 to 2.
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The thickness of the A horizon ranges from 40 to 50 cm with an
extreme range of 30 to 55 cm. The upper part of the B horizon has hue
of lOYR to 2.5Y, value of 4, and chroma of 2 to 3. The B horizon has
mottles in some or all parts. The A horizon has loam, clay loam, or
silty clay loam texture. The B horizon typically is clay loam in
texture but loam is also common. The C horizon is loam in texture.
Webster clay loam
The lower limit of the solum thickness generally is 95 cm. The
lower limit of the depth to carbonates is about the same depth. The
Ap and A horizons are black (N 2/0 to lOYR 2/1) to very dark brown (lOYR
2/2). The thickness of the A horizons range from 40 to 60 cm with an
extreme range of 35 to 80 cm. They are clay loam to loam to silty clay
loam with 17 to 30% sand.
The B horizon has hue of lOYR, value of 4, and chroma of 1 to 3.
Mottles or oxide concentrations of high chroma, low chroma, or both
range from few to common throughout the Bg horizon. The Bg and BCg
horizons range from clay loam to loam. However, they are dorainantly
loam with 20 to 30% clay, but in some pedon subhorizons they are sandy
loam with 50 to 65% sand. Evidence of a stone line at about 75 to 100
cm was also present.
Temporal Variability
Sand variability
The statistical properties of sand content for both transects are
listed in Table 14 and Figure 37. As it is shown, the and CV
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soil depth (cm)
45-60
Figure 37. Coefficient of variation of sand content for different
depths
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Table 14. Statistics of sand content for different depths
Depth Mean Std SE CV Min Max Range
cm % (%)^ 7
0-15 28.1 52.4 7.4 3.3 26.2 14.9 41.5 26.6
15-30 25.7 84.5 9.2 5.3 35.8 10.0 39.8 29.8
30-45 27,9 113.7 10.7 7.1 38.2 11.0 44.7 33.7
45-60 29.5 140.9 11.9 8.8 40.2 11.2 49.6 38.4
systematically increase as depth increases. The heterogeneity of this
property increases with depth. Therefore, to estimate the mean more
accurately, more samples should be taken for lower depths. In general,
in comparison with clay and organic carbon, variability of the sand
content is the highest. The range, variance, standard deviation, and
coefficient of variation are the highest with respect to clay and
organic content for all depth increments.
Clay variability
Unlike the sand variability, clay statistics show a slight increase
with depth (Table 15 and Figure 38), Relatively small CV and with
respect to the mean values show the general variability of the clay
content is relatively small and any sampling effort needs fewer numbers
of samples with respect to the other soil properties for the study area.
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Figure 38. Coefficient of variation of clay content for different
depths
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Table 15. Statistics of clay content for different depths
Depth Mean S^ Std SE CV Min Max Range
cm % (%)^
0-15 24.7 8.7 3.0 0.75 12.1 18.9 28.9 10.0
15-30 26.4 17.5 4.2 1.05 15.8 16.9 33.6 16.7
30-45 27.9 15.1 3.9 0.97 13.9 20.9 34.9 14.0
45-60 27.8 14.3 3.8 0.95 13.6 21.2 34.2 13.0
Standard errors (SE) ranging from 0.75 to 1.05 are very small with
respect to the mean values indicating the low variability of this
property.
Organic carbon variability
Statistics for organic carbon are listed in Table 16. As shown
in Table 16 and Figure 39, CV and range values show a systematic
increase with depth. CV values range from 14% at the 0 to 15 cm depth
to 30% at the 15 to 45 cm depth suggesting a relatively small to
moderate variability for organic carbon for these depths. However, the
variability at the 45 to 60 cm depth agrees with that reported by
Wilding and Drees (1983). They reported that for the area of few
hectares, the CV value for this property is more than 35%. Therefore,
the variability of the organic carbon content up to the 30 to 45 cm
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45-60
Figure 39. Coefficient of variation of organic carbon content for
different depths for all soils
142
Table 16. Statistics of organic carbon content for different depths
Depth Mean s2 Std SE CV Min Max Range
cm % (%)^
0-15 1.86 0.07 0.26 0.07 14.14 1.43 2.24 0.81
15-30 1.64 0.15 0.38 0.10 23.18 1.11 2.17 1.06
30-A5 1.33 0.16 0.40 0.04 30.15 0.66 1.86 1.20
45-60 0.88 0.17 0.41 0.10 46.42 0.29 1.52 1.23
depth in the study area is not high and the sampling intensity appeared
to be appropriate for organic carbon content.
Depth to carbonates and mollic epipedon thickness variability
Statistics of the depth to carbonates and thickness of mollic
epipedon are listed in Tables 17 and 18.
The variance of the depth to carbonates with respect to its mean
is high. This indicates that this chemical property of the soil is
highly variable and topographic dependent. Transects in which the
samples are taken cross different elements of the landscape, from summit
to backslope to footslope, and this can significantly change the
leaching potential. Therefore, a high variability is expected as shown
2
by the range, S , and other statistics in Table 17,
Variance of the mollic epipedon thickness is also high with respect
to the magnitude of their mean. High variability of both the mollic
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Table 17. Statistics of depth to carbonates
Obs. Mean Std SE CV Min Max Range
cm (cm)^ -cm %
16 119.4 781.9 27.9 0,18 23.4 69.9 150.0 80.0
Table 18, Statistics of mollic epipedon thickness
Obs. Mean Std SE CV Min Max Range
cm (cm)^ cm- % cm
16 52.8 378.0 19.6 9,4 36.9 15.2 96.5 81.3
epipedon thickness and depth to carbonates is partly explainable by the
differential erosion and deposition, elevation difference (Figure 40),
different depth to the water table, and internal drainage of the soil.
All these factors are active considering the landscape configuration
of the study area, and high variability of these properties is unavoid
able unless the sampling scheme is limited to the finer map units such
as consociations with high purity percentages.
To sum up the temporal variability, the magnitude of the soil
variability increases with scale. This variability increases from
pedons to polypedons to map units such as association. Therefore, one
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expects to have relatively high variability for the measured soil
properties in the study area which is the association of Clarion,
Nicollet, and Webster with some other minor soils. Wilding and Drees
(1983) reported coefficient of variations for most of the soil
properties occurring in a landscape of a few hectares or less in size.
According to their report, total sand content and total clay content
are among the moderate variable properties with CV between 15 and 35%.
Organic matter, depth to carbonates, and solum thickness are among the
most variable soil properties with coefficient of variation more than
35%. The greater the variability the more samples are needed to make
a more precise statement about the property under question. Therefore,
considering the depth and properties under question, the number of soil
samples needed will be different.
Coefficient of variation of the clay content ranges from 12.1 to
15.8% which is small, and this range indicates a relatively uniform
distribution of this property along the landscape at different depths.
Therefore, the number of the samples taken appeared to be enough to
encompass the variability of clay content.
Unlike the clay content variability, the sand variability has the
most variability in the study area. Its coefficient of variation ranges
from 25.6 to 48.2%. To reduce the variability of this property, the
sampling may be done in finer map units. Otherwise, more intensive
sampling is required to estimate the mean percentage of this property.
Organic carbon is also among the most variable soil properties with
CV more than 35% as reported earlier. The measured soil organic carbon
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content for the study area shows this trend is only true for the A5 to
60 cm depth with a coefficient of variation of 46,4%. For the depth
of 0 to 15 cm, the coefficient of variation is the least and this is
partly explainable by the mixing effect of plowing. Therefore, the
sampling intensity could be less depending on the depth of interest.
When considering the landscape property of the study area, both
the depth to carbonates and mollic epipedon thickness are potentially
among the most variable soil properties. However, coefficient of
variation of the depth to carbonates is less than 35% so it is
moderately variable, whereas the coefficient of variation of the
thickness of mollic epipedon follows the same trend as reported by
Wilding and Drees (1983) meaning it is more than 35%.
Geostatistical Analysis for Spatial Variability
The spatial dependency of sand, clay, organic carbon content (%),
depth to carbonates, and thickness of mollic epipedon was examined by
calculating the experimental semivariances Y*(h) using Equation [2] (as
described in Materials and Methods) only for the north to south
direction. Y*(h) values are then plotted with lag distance (h) along
the abscissa (x) and Y(h) along the ordinate (y). Because the number
of pairs (n) used in calculation of Y*(h) is an index of its error and
reliability, it is a good idea to note number of pairs next to each
calculated Y*(h) value. The variable (N) that is the number of lags
decreases with increase of lag distance (h) implying less reliability
and accuracy for larger lags. The other information included is general
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variance of the sample that in combination with the Y*(h) can be used
to evaluate the spatial variability of the selected properties.
The next step of variography is to examine the characteristics of
the Y*(h) for possible nugget effect, sill, range, periodic effect, and
status of isotropy. During these examinations, if a pure nugget effect
or poor structure is apparent, a more intensive sampling is advisable.
If strong structure is present, further analysis and inferences may be
made.
However, it is important to remember that, before any inference,
reliability of the Y*(h) must be tested by considering the number of
pairs. Journel and Hujibregts (1978) has done extensive work in this
field and suggested that the number of pairs should be more than 30
where lag distance (h) is less than the dimension of the field for which
the Y*(h) is calculated. Therefore, the Y*(h) should be considered for
small distances (h < L/2) in relation to the dimension (L) of the field
on which it has been computed (Journel and Hujibregts, 1978).
The main objective of this part of the study was to examine the
spatial variability of the properties important in interpretation of
the observed behavior of the system. This objective may be partitioned
as follows:
1. characterizing the Y*(h) of the selected properties,
2. use of these Y*(h) to facilitate the soil sampling scheme of
the selected properties, and
3. examining if these Y*(h) show the effect of the soil boundary
effect.
U8
However, at the time the field study began, the author had a
minimal knowledge of sampling schemes and methods for geostatistical
analysis. Then, as the study proceeded, more knowledge was acquired.
The insufficient sampling method caused an unfavorable result.
Moreover, the factors of time and cost were also effective in this
situation.
Running water has been the major driving force of geomorphic
processes acting on the landscape of the study area since the retreat
of the last glacier. Therefore, it is expected to have some drift
characteristics in Y*(h) because the transects cross from the summit
to backslope to the toeslope positions. For example, as shown in Figure
40 at a distance of 132 m, there is an indication of a relatively sharp
edge summit position leading to more erosion and subsequent accumulation
at the distances of 165 to 198 m. Therefore, a distinct change in
mollic epipedon depth and sand and clay content at the shoulder posi
tion is expected. For instance, as Figures A1 and 42 show, a small
threshold occurred for clay at distances of 198 and 231 m so that the
clay percentage relatively suddenly changes. The reason is that silt
and clay have been moved and sand and coarser materials deposited at
the footslope position. This change is clearly shown in Figure 43; the
sand content increased significantly. Therefore, if the sampling
distance is small enough, the threshold should happen in the Y*(h) of
clay and sand content.
In the following, the calculated y*(h) for clay, organic carbon,
sand, mollic epipedon thickness, and depth to carbonates will be
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2
examined to detect any structure. Moreover, general S is used in the
evaluation process. An appropriate condition happens when a Y*(h) has
2
11 S , sill (Cl), and range (a). On the other hand, if a Y*(h) hassma
2
a large S and either poor or no structure at all, obviously this Y*(h)
is unfavorable for further inferences because it induces a large error
in the interpolations. So, such interpolations may not be valid.
Therefore, a poor structure can be defined when there is no
defineable range or sill or when there is periodic trend in the Y*(h).
In these instances, detrending or increasing the sampling intensity to
reveal the structure may be required. However, in cases such as a pure
nugget effect or no structure at the sampling interval, one should think
carefully about the nature of the parent material, for example, before
conducting any further sampling. If a relatively fresh glacial material
forms the parent material and the time factor is insignificant, a fairly
random variation may be expected without any spatial dependency even
at small sampling intervals. On the other hand, where geomorphic and
pedogenic processes have significantly changed the nature of the parent
material, with sufficiently small sampling interval, spatial variability
may be detected. Increasing the sampling intensity often is beneficial
to the spatial variability but of course it is costly.
The condition is assumed to be isotropic. The reason is that there
is not enough data to calculate the other directions. However, this
assumption is not exactly true since topography is a major soil-forming
variable in this area and the north-south direction is almost perpen-
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dicular to the contour lines whereas the east-west direction is along
these lines. Therefore, in these two directions the soil variability
should be anisotropic and soil properties such as organic carbon and
depth to carbonates and so the Y*(h) should have different slopes.
However, sufficient data are not available to calculate the Y*(h> to
show statistically the difference between different directions.
Sand
The Y*(h)s for sand content are depicted in Figures 44 through 47.
It is clear that the number of samples used to calculate for the
north-south direction results in a maximum of 14 pairs. This number
of pairs is much less than that suggested by Journel and Hujibregts
(1978). For the sake of this discussion, the pairs which are less than
10, although mentioned, have not been given a significant weight. For
example, for large lags such as (h) ^198 m, the Y*(h)s are not
apparently reliable because the number of pairs is six or less.
As Figures 45, 46, and 47 show, no spatial dependency can be
defined for sand content for the depths of 15-30, 30-45, and 45-60 cm.
Eliminating the unreliable Y*(h)s results in a pattern without any
structure (sill and range). Therefore, no attempt is done to fit any
model into these Y*(h)s. The sampling interval should be shorter, for
example 15 m or less, to study the spatial variability of sand content
at these depths.
Unlike Figures 45, 46, and 47, Figure 44 shows some structure for
sand content at the 0 to 15 cm depth. This depth also has the lowest
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CV value as compared Co the deeper depths which may mean that the
decrease in the general variation has led to some structures in Y*(h).
2 2The separation of S = 52.4 (%) into the random component or nugget
effect and spatial components (Cl) can be done for this depth whereas
this partition can not be done for the other depths. The nugget effect
and spatial components equal 16.5 (%)^ and 35.9 (%)^. The nugget effect
is relatively low and it is 25% of the total general variance.
2
Therefore, the sill equals 35.9 (%) and the range (a) is about 66 m.
If there were enough pairs for a reliable semivariogram, a linear-
constant model could have been fitted. This type of model indicates
the effect of a single process on the variability of the sand content
at this depth (Trangmar et al., 1985). In short, since there are some
structures at this depth, for a more reliable result the number of pairs
should be increased by further sampling. However, the intensity might
be lower with respect to the deeper depths.
In general, the deeper depths show pure nugget effect and higher
coefficient of variation resulting in a masking of the spatial depen
dency by relatively high random effect. Therefore, to partition these
two effects, random and spatial variability, it is necessary to sample
at a shorter distance than 33 m to study spatial variability of the sand
content.
Clay
Figures 48 through 51 show the semivariograms of the clay content.
Generally, there are no structures for these semivariograms and a pure
nugget effect is obvious.
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The Y*(h) of the 0 to 15 cm depth shows no structure although it
2
has small S « 8.7 and CV = 12.1 which is about the laboratory error
of this parameter for this property. This shows that the clay content
at this depth is fairly uniform and randomly distributed in the study
area which is also confirmed by the close values of the Y*(h)s as shown
in Figure 48.
The Y*(h)s for deeper depths show a poor drift at an average
distance of 90 m. For the shorter lags, generally the Y*(h)s are less
than the general variance and may suggest poor spatial dependency.
However, since the numbers of pairs for larger pairs are not reliable,
even this poor structure statistically is not strong enough to discuss.
Therefore, there is a need to sample at shorter intervals to study the
spatial variability of the clay content in the study area. The sampling
interval should be less than 30 m and calculated semivariances are not
too inclusive.
Organic carbon
The Y*(h)s of the organic carbon percentage are shown in Figures
52 through 55. Generally, there is no obvious structure in these semi-
variances. Except for the 30 to 45 cm depth shown in Figure 54 with
poor spatial dependency, the Y*(h) values for smaller lags are less than
the general variance. The rest of the figures show some erratic
envelopes indicating no structure and spatial dependency. Therefore,
the smallest lag is larger than the range of spatial dependency and the
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sampling intervals should be shorter than 30 m to study spatial vari
ability of organic carbon content.
Because organic carbon is among the most variable soil attributes,
a careful examination of the temporal variability can help the sampling
for geostatistical study. For example, the temporal variability of the
organic carbon content at the 0 to 15 cm depth shows that and CV
values are the smallest with respect to the deeper depths. Hence, at
a longer interval for this depth the spatial variability could be
detected with respect to the deeper depths (especially with respect to
the 45-60 cm depth with the largest CV value) that may need a more
intensive sampling. The reason is that a small random variability
usually brings about a small nugget value, and therefore if there is
any spatial variability it should be evident from examination of
semivariograms.
Depth to carbonates and thickness of mollic epipedon
Figures 55 and 56 show the Y*(h) values of the mollic epipedon and
depth to carbonates. Ignoring Y*(h)s with large lags, the Y*(h) shows
a complete absence of structure implying that there is no easily
quantifiable relationship between the sample values at the sampling
scale. Since the thickness of the mollic epipedon and depth to carbon
ates are functions of topography and their landscape positions, some
drifts in Y*(h)s are expected. Stepping down from the summit (the
Nicollet loam soil) toward the backslope position (the Clarion loam
soil), the thickness of the mollic epipedon decreases and depth to
carbonates increases. However, at the scale of sampling, this trend
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can not be indicated in the Y*(h)s and a greater sampling intensity is
recommended.
172
CONCLUSIONS
The temporal and spatial variability of Che Agronomy Number Two
area for the north-south direction was studied. The condition was
assumed to be isotropic. The total number of samples for each selected
property at each specific depth was 16. This number of samples results
in a maximum of 14 pairs for calculated Y*(h) for the north-south
direction which is much less than that suggested by Journel and
Hujibregts (1978). If the number of pairs is enough (i.e., more than
30) and there is any structure in the semivariogram, an attempt can be
made to fit an appropriate model into the experimental semivariance.
However, there almost was no case in which these two conditions could
be met, so model fitting was not done. Without satisfying these two
conditions, any further attempt for inferences and interpolation is not
statistically meaningful. To meet these conditions, the sampling
interval should be less than that of the range of influence (a) and in
this case should be less than 30 m.
However, this attempt not only revealed the inadequacy of the
sampling interval but also it gave some general statistical insight into
the extent of soil variability for the selected properties and some
other clues for future attempts to quantify the soil variability of the
study area. For instance, if the property under question is at a deeper
depth, the sampling interval should be shorter than that of shallower
depths. As the temporal study of the soil variability showed, as depth
increases, the S , CV, and range increase indicating that heterogeneity
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of all the selected properties increases with depth which, in turn,
increases the nugget effect or random variability and masks the spatial
components.
Therefore for deeper depths, to partition the nugget effect from
the spatial component, a more intensive sampling procedure is required.
But to what extent should the sampling be increased? In general, the
extent of the sampling depends on the type of soil properties, depth
of sampling, direction of sampling, and dimension of the field. All
of these have been addressed to some extent in this study; however,
overall the results were not conclusive.
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GENERAL SUMMARY
The Initial study group of Iowa State University scientists in 1Q87
suggested a 10-acre area in the northwestern corner of the Iowa State
I'niversity research center near Ankeny, Iowa, as the best choice for
the testing of a dual-subsurface irrigation system. Site selection was
based primarily on the landscape and soil properties. However, oGher
factors such as site availability, equipment, access, and land use were
also considered. The project area is in the Clarion-Nicollet-Webster
soil association. The soils in this association form a toposequence
and therefore variation in degrees of wetness is the main cause of
differences in properties among these soils.
To investigate the potential responses of the soil system to the
dual-subsurface irrigation project in this area, a relatively complete
knowledge of the soil, landscape, and substratum materials was required.
Therefore, an attempt was made to characterize the landscape and
substratum materials as well as the properties of the major map units
in the study area. The selected physical, chemical, and mineralogical
properties of the major map units which were important to the management
of the project were studied. The temporal as well as the spatial vari
ation of some of these properties such as sand, clay, organic carbon
content, depth to carbonates, and thickness of mollic epipedon were also
investigated.
A detailed soil map at a scale of 1:1400 was prepared for the
western part of the area. The Nicollet loam soil (55) was the dominant
17«S
soil series. The other major soil map units were the Clarion loam
(138B) and Webster clay loam (107). However, even at this scale inclu
sions of other map units were common due to the complexity of the
topography in this area. Since the extent of the dissimilar inclusion
was not significant, the occurrence of these inclusions in the area do
not significantly affect the management of the system. In general, the
properties of these soils were in the range of the National Cooperative
Soil Survey soil series for these three soils and purity of the major
map units was about 90% meaning that the subsequent inferences about
these units was highly reliable.
After mapping the area, selected physical, chemical, and mineral-
ogical properties as well as temporal and spatial variation of some of
these properties which were important to the management of the system
were investigated. Moreover, the properties of substratum materials
which were important to water table management were also studied.
Bulk density (BD), a physical property, gives valuable information
about the degree of compaction of the soil materials, which in turn
affects internal drainage, infiltration, and aeration characteristics.
The BD of the major map units were studied under various soil moisture
tensions. The topsoil of the Nicollet loam under 1/3-bar tension had
the lowest weighted average BD (1.28 g/cm ). The Clarion loam had the
highest value of weighted average BD in the topsoil (1.44 g/cm ). The
Webster subsoil had the highest weighted average BD (1.63 g/cm ), while
the Clarion loam BD in the subsoil had the lowest (1.41 g/cm ). The
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use of this information is in the evaluation of the internal drainage
and erosion hazard of this area. Chemical properties determined were
available phosphorus, available potassium, pH (H2O), and buffer pH.
The feasibility of the project, to a large extent, depends on the
substratum properties. Therefore, the lateral as well as vertical
variations of these materials were of great concern. The underlying
materials should have a low permeability so that the management of the
water table is possible. The study of BD to a depth of 3.5 m by deep
3
coring revealed values up to 2.0 g/cm with a total porosity of 25%.
These data indicated relatively highly compacted materials. Also, the
presence of the reduced zone with dark gray color (N 4/0) at this depth
confirmed the feasibility of water table management in this area.
The relationship between soil water content and soil moisture
tension by use of undisturbed clod samples was studied. Based on the
assumption that moisture content at 1/3-bar tension is field capacity
(FC) and 15-bar tension is a proper estimation of the permanent wilting
point, the calculated plant available water content (PAWC) indicated
that the solum of the Nicollet loam had a higher PAWC than those of
Webster and Clarion.
In the study of mineralogy of the loamy material of the typical
pedons, examination of diffractograms of the samples prepared with
standard treatments revealed that smectite was the predominant clay
mineral in the B and C horizons. However, for most of the topsoil, the
diffractograms could not be interpreted and the pretreatment should be
177a
revised. In addition to smectite, small amounts of illite, kaolinitet
vermiculite, and quartz were also present in the clay fraction.
In relation to the landscape and mineralogy downslope from the
Nicollet loam soil (summit), the clay content of the solum decreased
(in the Clarion) and then increased in the toe slope position (in the
Webster clay loam). Therefore, due to the complexity of slopes in the
area, mineral sorting also occurred in a complex manner. Since there
is a direct relationship between clay content and smectite content,
downslope smectite decreased and than increased in the Webster soil.
Therefore, Ruhe's model of mineral sorting in the Clarion-Nicollet-
Webster soil association was not applicable. The model suggested a
rather uniform increase in fine clay when stepping down from the summit
position.
In general, vermiculite was in small amount in these materials,
but the Nicollet soil showed stronger evidence of this clay mineral in
its solum and hence it may fix more and fertilizers with respect
to the other soils. Also, the difference in amount of smectite clay
in the solum of these soils had significant effect on the soil hydraulic
properties, for example on the extent of cracking in the Webster soil
which may increase preferential flow and affect nitrate management.
In addition to the conventional way of expressing soil variability
throughout the soil survey and classification which ended with deline
ation of the map units, a more quantitative way of temporal and spatial
variability was also employed using statistics and geostatistics.
177b
Moreover, in this section, the range of characteristics of the map units
was also described.
Simple statistics of mean, variance, standard deviation, standard
error of mean, range, maximum, minimum, and coefficient of variation
(CV) were calculated for the samples taken from two transects. Most
of the discussion centered on CV values. The coefficient of variation
of the clay content ranged from 12.1 to 15.8% which is considered to
be small. This range showed a relatively uniform distribution of the
clay content along the landscape for depth increments. Therefore, rela
tively speaking, a smaller number of samples is needed to encompass the
clay variability in this area as compared to other soil properties such
as organic carbon, sand, depth to carbonates, and thickness of the
mollic epipedon. For example, the coefficient of variation of sand
ranged from 25.6 to 48.2%, To reduce the variability, the sampling
should be done in finer map units, for example in phases of the series
or a larger number of samples is required to have a reliable estimate
of the mean sand percentage.
Since organic carbon and mollic epipedon thickness were among the
most variable soil properties in this area with CV of more than 35%,
the number of samples should be adjusted to their variability if a more
accurate estimate of the mean is required meaning that more sampling
is needed. However, CV of the depth to carbonates was 23,4% v^iich is
considered moderate. The mean depth to carbonates was 119 cm. This
property is highly topographic-dependent and, with respect to the topo
graphic configuration of the area (topographic map in Figure 6), these
statistics seemed to well define the statistics of this property.
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Geostatistic techniques were employed to give an insight into the
spatial variability of selected properties in the Agronomy no. 2 area
for the north-south direction. Primarily this technique is based oh
the regionalized variable theory. The regionalized variable Z(x) is
a random function taking different values of Z in accordance to its
position (x) within some area. The purpose of semivariance, however,
is to define a range of influence (a) over which variables are
independent and correlation approaches zero. Thus, it is a method of
defining the range of influence whose parameters are needed in the
kriging process and interpolation among the measurements.
The condition is assumed to be isotropic. The total number of
sites sampled for each selected property was 16. This led to a maximum
of 14 pairs for the calculated semivariance Y*(h). However, the number
of pairs (i.e., ^14) with respect to the extent of variability in the
till materials was less than that suggested by Journel (1978). He
suggested that 30 pairs or more are needed for reliable inferences.
Due to the insufficient pairs of Z(xi) and Z(xi+h) and lack of struc
ture in the diffractograms, no attempt was made to fit any theoretical
model to the calculated semivariances Y^(h), Without satisfying the
conditions of having structure in the semivariograms and enough pairs,
any inferences or interpolation is not statistically meaningful.
Therefore, with a maximum of 14 pairs and lack of structure (sill,
nugget variance, range), the sampling interval of 30 m should be
reduced. Because the sampling interval should be less than the range
177d
of influence, this range could not be found with 30-ra sampling interval
Therefore, it is suggested that 10-m intervals should be tried since
this Interval will give enough pairs. Moreover, it does not increase
the cost or time of the analyses to a great extent. Then for any
property in question, the semivariance should be calculated and semi-
variograms analyzed to see if there is any spatial dependency.
For example, the 10-m interval may be a proper interval for clay
analysis with a fairly low coefficient of variation, but for a property
such as organic carbon of the B horizon with a high coefficient of
variation this interval may not be suitable. High variability causes
a high nugget and masks the spatial dependence if there is any.
Usually, as depth increases so does the CV. Overall, the extent of
sampling depends on the type of soil properties, depth of sampling, and
direction and dimension of the area to be sampled.
In general, for relatively fresh materials such as the Gary Till
in which the parent material of the soils have not been signficantly
changed and for which the time factor for soil formation is small, a
fairly random variation inherited from parent materials may be expected
without any spatial dependency even at small intervals. On the other
hand, where geomorphic and pedogenic processes have significantly
changed the parent materials with sufficiently small intervals, spatial
variability may be detected. Increasing the sampling intensity often
is beneficial to the spatial variability but, of course, it is costly.
i7R
Suggestions for Future Research
The following additional suggestions should be obtained in future
studies:
1. To extend the inferences to the whole area, mapping of the rest
of the area should be completed.
2. To investigate the hydraulic behavior and prediction of the
flow model of the major units, measurements of the saturated
and unsaturated hydraulic conductivity should be made. The
correlation of these hydraulic properties with the more easily
measured soil properties such as BD, sand, clay, and OC content
can also be done for making some prediction models for
hydraulic conductivity.
3. Thin section morphology of the pore configuration and other
properties could be studied.
4. Mineralogy of the sand fraction as well as the partition of
the clay fraction into fine and coarse clay and the investi
gation of the fine clay materials could be additional work.
5. In spatial variability, more data through more intensive
sampling is required in the Agronomy no. 2 area such that the
combination of the present data and a new data set could be
used to calculate the semivariances and to determine the
reliable sill and other parameters for estimation of the
isarithmic maps for different depth and properties. However,
as mentioned, increasing sampling interval often is beneficial
but not always, especially for deeper depths in till materials.
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APPENDIX I: DESCRIPTION OF THE TYPICAL PEDONS
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Profile No, 1 Map Unit: 55
Series: Nicollet
Location: Polk County, Iowa—Iowa State Farm Research Center
Classification: Fine-loamy, mixed, mesic Aquic Hapludoll
Physiography: Upland on a slightly concave summit
Parent Material: Calcareous loamy glacial materials
Slope: 1% Precipitation: cm
Permeability: Moderate
Drainage: Somewhat poorly drained
Erosion and Deposition: Slight
Family Control Section: 25-100 cm Runoff: Slight
Diagnostic Horizons: Mollic and Cambic Land Use: Cropland
Described By: Amir Charkhabi Sample Date: 9-27-88
(Color and consistence are for moist soil)
Apl—0 to 17 cm; black (lOYR 2/1) heavy loam; moderate fine granu
lar structure; friable; <5% coarse fragments; medium acid; abrupt
boundary.
Ap2—17 to 33 cm; very dark gray (lOYR 3/1) clay loam; moderate
fine to medium subangular blocky structure; friable; <5% coarse frag
ments; medium acid; clear wavy boundary.
A—33 to 53 cm; black (lOYR 2/1) clay loam; moderate fine to medium
subangular blocky structure; friable; <5% coarse fragments; slightly
acid; clear smooth boundary.
Bwl—53 to 7A cm; dark grayish brown (lOYR 4/2) clay loam; few
yellowish brown (lOYR 5/A) mottling; moderate fine to medium subangular
blocky structure; friable; <5% coarse fragments; neutral; gradual smooth
boundary.
Bw2—74 to 93 cm; dark grayish brown (lOYR 4/2) loam; discontinuous
organic coatings of very dark grayish brown (lOYR 3/2) on the faces of
peds; common fine very dark brown (lOYR 4/2) mottling; moderate medium
subangular blocky structure; friable; <5% coarse fragments; mildly alka
line; gradual smooth boundary.
BC—93 to 110 cm; light yellowish brown (lOYR 6/4) loam; common
yellowish brown (lOYR 5/6) and common medium grayish brown (lOYR 5/2)
mottling; weak medium subangular blocky structure; friable; <5% coarse
fragments; moderately alkaline; clear smooth boundary.
Cgl—110 to 133 cm; grayish brown (lOYR 5/2) light loam; common
medium yellowish brown (lOYR 5/8) mottling; weak medium subangular
blocky structure; friable; <5% coarse fragments; strong effervescence;
moderately alkaline; clear smooth boundary.
Cg2—133+ cm; grayish brown (lOYR 5/2) light loam; common medium
yellowish brown (lOYR 5/8) mottling; massive structure; friable; <5%
coarse fragments; strong effervescence; moderately alkaline; clear
smooth boundary.
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Profile No. 2 Map Unit: 138B
Series: Clarion
Location: Polk County, Iowa—Iowa State Farm Research Center
Classification: Fine-loamy, mixed, mesic Typic Hapludoll
Physiography: Upland on a concave backslope
Parent Material: Pedisediment derived from calcareous loamy till
Slope: 3% Precipitation: cm
Permeability: Moderate
Drainage: Well drained
Erosion and Deposition: Slight
Family Control Section: 25-100 cm Runoff: Moderate
Diagnostic Horizons: Mollic and Cambic Land Use: Cropland
Described By: Amir Charkhabi Sample Date: 9-27-88
(Color and consistence are for moist soil)
Apl—0 to 13 cm; very dark brown (lOYR 2/2) loam; moderate fine
granular structure; friable; <5% coarse fragments; medium acid; clear
smooth boundary.
Ap2—13 to 28 cm; very dark gray (lOYR 3/2) heavy loam; very dark
brown (lOYR 2/2) organic coatings on the faces of peds; moderate fine
to medium subangular blocky structure; friable; <5% coarse fragments;
slightly acid; clear wavy boundary.
AB—28 to 48 cm; dark brown (lOYR 2/2) heavy loam; very dark
grayish brown (lOYR 3/2) organic coatings on the faces of peds; moderate
medium subangular blocky structure; friable; <5% coarse fragments;
neutral; gradual smooth boundary,
Bwl—48 to 64 cm; brown to dark brown (lOYR 3/3 to 4/3) clay loam;
many fine to medium yellowish brown mottling and black (lOYR 2/1) iron
or iron-manganese concretions; weak fine prism parting to moderate
medium subangular blocky structure; friable; <5% coarse fragments;
neutral; gradual smooth boundary.
Bw2—64 to 94 cm; yellowish brown (lOYR 5/4) loam; discontinuous
organic coats very dark grayish brown (lOYR 3/2) on the faces of peds;
common fine very dark brown (lOYR 4/2) and common fine to medium
yellowish brown (lOYR 5/8) mottling; moderate medium subangular blocky
structure; friable; <5% coarse fragments; neutral; clear wavy boundary.
BC—94 to 124 cm; light olive brown (2.5YR 5/4) loam; common fine
dark yellowish brown (lOYR 4/4) mottling; weak medium subangular blocky
structure to massive; friable; <5% coarse fragments; moderately
alkaline; gradual wavy boundary.
C—124+ cm; light olive brown (2.5YR 5/4) sandy loam; common medium
strong brown (7.SYR 5/6 to 5/8) mottling; few dark reddish brown (5YR
22/) coating; massive; friable; <5% coarse fragments; strongly
effervescent; moderately alkaline.
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Profile No. 3 Map Unit: 107
Series: Webster
Location: Polk County, Iowa—Iowa State Farm Research Center
Classification: Fine-loamy, mixed, mesic Typic Haplaquoll
Physiography: Upland on the toeslope position
Parent Material: Sediment derived from calcareous loamy till
Slope: 1% Precipitation: cm
Permeability: Moderate
Drainage: Poorly drained
Erosion and Deposition: Slight
Family Control Section: 25-100 cm Runoff: Slight
Diagnostic Horizons: Mollic and Cambic Land Use: Cropland
Described By: Amir Charkhabi Sample Date: 9-27-88
(Color and consistence are for moist soil)
Ap—0 to 20 cm; black (lOYR 2/1) light clay loam; massive to
moderate medium subangular blocky structure; friable; neutral; clear
smooth boundary.
A—20 to 43 cm; black (N/O) light clay loam; weak medium prism
parting to weak medium subangular blocky structure; friable; moderately
alkaline; gradual smooth boundary.
AB—43 to 66 cm; black (lOYR 2/1) heavy loam; weak medium
subangular blocky structure; friable; mildly alkaline; gradual smooth
boundary.
—66 to 86 cm; dark gray (lOYR 4/1) heavy loam; continuous very
dark gray (lOYR 3/1) organic coats on the faces of peds; moderate medium
prism parting to moderate medium subangular blocky structure; friable;
mildly alkaline; gradual smooth boundary.
Bg2—86 to 115 cm; grayish brown (lOYR 5/2) heavy loam; discontinu
ous organic coats very dark gray (lOYR 3/1) on the faces of peds; weak
medium prism parting to moderate medium subangular blocky structure;
friable; mildly alkaline; gradual smooth boundary.
BCg—115+ cm; gray (5Y 5/1) heavy loam; weak medium prism parting
to moderate medium subangular blocky structure; friable; mildly
alkaline.
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APPENDIX II: LABORATORY DATA FOR SELECTED CHEMICAL
PROPERTIES OF THE TYPICAL PEDONS
Table II-l
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Laboratory data for selected chemical properties of the
typical pedons
Soil Name Horizon pH ^
^ W
Buffer pH AP^ AK^
Ib/a-
Nicollet Apl 5.6 6.5 55.0 225.0
Ap2 5.8 6.6 29.5 66.0
A 5.8 6.9 6.5 47.0
Bwl 6.7 7.2 3.5 40.0
Bw2 7.6 7.5 3.0 35.0
BC 8.3 7.6 3.5 34.0
Cg 8.3 7.5 1.0 35.0
Clarion Apl 5.7 6.6 147.0 566.5
Ap2 6.1 6.9 134.0 151.0
AB 7.0 6.8 120.0 85.0
Bwl 7.3 7.3 30.5 99.5
Bw2 7.2 7.4 11.5 104.0
BC 8.2 7.6 1.5 213.5
Webster Ap 6.8 7.2 95.0 173.5
A 7.9 7.5 37.5 44.0
AB 7.5 7.5 10.3 38.5
Bwl 7.5 7.5 7.5 44.5
Bw2 8.0 7.5 7.5 36.0
BC 8.2 7.6 15.5 36.0
w
= 1:2 soil:water ratio,
available phosphorus; AK = available potassium.
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APPENDIX III: UBORATORY DATA OF THE PARTICLE-SIZE ANALYSIS.
ORGANIC CARBON. AND COLE OF THE TYPICAL PEDONS
Table III-l.
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Laboratory data of the particle-size analysis and organic
carbon of the typical pedons
Soil Horizon Depth Sand Fi.Silt Co.Silt Clay OC^
cm 7
Clarion Apl 0-13 36.4 20.1 20.5 23.0 2.2
Ap2 13-28 36.9 18.7 20.8 23.6 2.0
AB 28-48 41.1 15.7 16.8 '26.4 1.2
Bwl 48-64 42.7 17.4 14.0 25.9 0.9
Bw2 64-94 47.6 16.5 12.6 23.3 0.7
BC 94-124 38.2 28.1 13.0 20.7 . 0.5
C 124+ 59.3 11.6 9.4 19.7 0.1
Nicollet Apl 0-17 26.7 20.5 26.7 26.7 2.6
Ap2 17-33 25.9 23.6 22.3 28.2 2.4
A 33-53 29.0 21.0 20.2 29.8 1.8
Bwl 53-74 33.3 19.2 18.0 29.5 1.1
Bw2 74-93 42.5 14.0 21.1 22.4 0.6
BC 93-110 42.5 16.7 20.5 20.3 0.5
Cgl 110-133 42.5 20.6 18.6 18.3 0.3
C82 133+ 44.9 21.7 15.6 17.8 0.1
Webster Ap 0-20 24.5 23.9 22.7 28.9 3.7
A 20-43 26.6 24.2 20.3 28.9 3.0
AB • 43-66 35.0 20.5 17.5 27.0 0.9
Bwl 66-86 34.1 25.5 14.9 25.5 0.6
Bw2 86-115 26.0 28.8 18.6 26.6 0.6
BC 115+ 24.3 27.9 20.8 27.0 0.1
OC s organic carbon.
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Table III-2. Laboratory data of the coefficient of linear extensibility
(COLE) of the typical pedons
Soil Horizon Depth Rep 1 Rep t Rep 3 Mean
cm
Clarion Apl 0-13 2.75E-02 2.41E-02 1.51E-02 2.22E-2
Ap2 13-28 2.16E-02 1.88E-02 2.95E-02 2.33E-2
AB 28-48 2.15E-02 2.38E-02 2.33E-02 2.29E-2
Bwl A8-64 2.50E-02 2.63E-02 2.93E-02 2.86E-2
Bw2 6A-94 2.81E-02 3.81E-02 3.22E-02 3,28E-2
BC 94-124 1.92E-02 (2.99E-03) 1.83E-02 1.88E-2
C 124+ 2.39E-02 1.84E-02 1.04E-02 1.76E-2
Nlcollet Apl 0-17 4.68E-02 5.07E-02 4.46E-02 4.73E-2
Ap2 17-33 4.47E-02 3.54E-02 5.23E-02 4.41E-2
A 33-53 2.72E-02 (8.08E-03) 2.56E-02 2.64E-2
Bwl 53-74 4.21E-02 1.06E-02 3.21E-02 2.83E-2
Bw2 74-93 1.77E-02 3.17E-02 2.79E-02 2.58E-2
BC 93-110 1.81E-02 (6.56E-03) 2.31E-02 2.06E-2
Cgl 110-133 1.26E-02 i.39E-02 8.88E-03 1.18E-2
Cg2 133+ 7.97E-03 (3.39E-02) 2.03E-03 5.00E-3
Webster Ap 0-20 4.48E-02 5.53E-02 4.04E-02 4.68E-2
A 20-43 1.53E-02 2.56E-02 2.42E-2
AB 43-66 2.27E-02 2.23E-02 1.60E-02 2.03E-2
Bwl 66-86 2.87E-02 1.87E-02 1.89E-02 2.21E-2
Bw2 86-115 2.40E-02 1.73E-02 1.82E-02 1.98E-2
BC 115+ 8.01E-03 9.66E-03 1.91E-02 1.23E-2
The values in the parentheses are not used to calculate the mean
values.
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APPENDIX IV: DESCRIPTION OF THE WEATHERING PROFILES
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Site No. 1 Map Unit: 138
Series: Clarion
Location: Polk County, Iowa—Iowa State Farm Research Center
Classification: Fine-loamy, mixed, mesic Typic Hapludoll
Physiography: Upland on a nearly level summit
Parent Material: Calcareous loamy glacial materials
Slope: 1% Precipitation: cm
Elevation: 982 ft
Permeability: Moderate
Drainage: Somewhat poorly drained
Erosion and Deposition: Slight
Family Control Section: 25-100 cm Runoff: Slight
Diagnostic Horizons: Mollic and Cambic Land Use: Cropland
Described By: Amir Charkhabi Sample Date: 8-9-88
(Color and consistence are for moist soil)
Ap—0 to 15 cm; very dark brown (lOYR 2/2) loam; moderate fine to
medium granular structure parting to moderate fine subangular blocky;
very friable; medium acid.
A1—15 to 25 cm; black (lOYR 2/1) loam; moderate medium granular
structure parting to subangular blocky structure; friable; slightly
acid.
A2—25 to 46 cm; very dark grayish brown (lOYR 3/2) clay loam;
moderate medium subangular blocky structure parting to granular
structure; friable; slightly acid; neutral.
AB—46 to 56 cm; very dark grayish brown (lOYR 3/2) clay loam;
moderate medium subangular blocky structure; friable; neutral.
Bw—56 to 76 cm; yellowish brown (lOYR 5/4) clay loam; moderate
medium subangular blocky structure; friable; neutral.
BC—76 to 86 cm; yellowish brown (lOYK 5/4) loam; few fine distinct
(lOYR 5/8) mottling; weak coarse subangular blocky structure; friable;
neutral.
C1—86 to 135 cm; yellowish brown to pale brown (lOYR 5/4 and 6/3)
loam; comon medium prominent strong brown (7.5YR 5/6) and common medium
grayish brown (lOYR 5/2) mottling; weak medium subangular blocky
structure; mildly alkaline.
C2—135 to 160 cm; loam; moderately alkaline.
C3—160 to 191 cm; yellowish brown to pale brown (lOYR 5/4 to 6/3)
loam; common medium dark yellowish brown (lOYR 4/6) mottling; 6.6
volumetric % coarse fragments; moderately alkaline.
2C4—191 to 196 cm; sandy loam; moderately alkaline.
195
Site No. 2 Map Unit: 138B
Series: Clarion
Location: Polk County, Iowa—Iowa State Farm Research Center
Classification: Fine-loamy, mixed, mesic Aquic Hapludoll
Physiography: Upland on a convex backslope
Parent Material: Pedisediment derived from calcareous loamy till
Elevation: 982 ft
Slope: 3% Precipitation: cm
Permeability: Moderate
Drainage: Well drained
Erosion and Deposition: Slight
Family Control Section: 25-100 cm Runoff: Moderate
Diagnostic Horizons: Mollic and Cambic Land Use: Cropland
Described By: Amir Charkhabi Sample Date: 8-9-88
(Color and consistence are for moist soil)
Ap—0 to 13 cm; very dark grayish brown (lOYR 3/2) loam; moderate
medium granular structure parting to moderate medium subangular blocky;
friable; medium acid,
A—13 to 25 cm; very dark gray (lOYR 3/1) loam; moderate medium
granular structure parting to moderate medium subangular blocky
structure; friable; medium acid.
AB—25 to 33 cm; very dark grayish brown to dark brown (lOYR 3/2
to 4/3) clay loam; moderate medium subangular blocky structure; friable;
medium acid.
Bwl—33 to 6A cm; yellowish brown (lOYR 5/4) clay loam; strong
medium subangular blocky structure; friable; neutral.
Bw2—64 to 89 cm; yellowish brown (lOYR 5/4) clay loam to loam; few
medium faint yellowish brown (lOYR 5/4) mottling; moderate medium
subangular blocky structure; friable; neutral.
Bw3—89 to 114 cm; light olive brown (2.5Y 5/4) loam; common medium
distinct yellowish brown (lOYR 5/4) mottling; moderate medium subangular
blocky structure; friable; neutral.
BC—114 to 1A2 cm; light olive brown (2,5YR 5/4) loam; common
medium yellowish red (5Y 5/6) mottling; weak medium subangular blocky
structure; friable; mildly alkaline.
C—142 to 218 cm; yellowish brown to pale red (lOYR 5/6 to 2.5YR
6/2) loam; mottled; weak medium subangular blocky structure; friable;
mildly alkaline.
Cgl—218 to 295 cm; light brownish gray (lOYR 6/2) loam; many
medium dark reddish gray to yellowish red (5YR 4/2 to 4/8) mottling;
moderately alkaline; violently effervescence; gradual boundary.
Cg2—295 to 310 cm; light brownish gray (lOYR 6/2) loam; common
coarse dark brown (7.5YR 6/2); moderately alkaline violently
effervescent; gradual boundary.
Cg3—310 to 318 cm; mottled light brownish gray to dark gray (lOYR
6/2 to N4/0) loam; few medium dark brown (7.5YR 5/6 to 4/8) mottling;
moderately alkaline; violently effervescent; gradual boundary.
Cg4—318 to 368 cm; dark gray (N 4/0) loam; moderately alkaline;
violently effervescent; gradual boundary.
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Site No. 3 Map Unit:
Series:
Location: Polk County, Iowa—Iowa State Farm Research Center
Classification:
Physiography: Upland on the backslope position
Parent Material: Sediment derived from calcareous loamy till
Slope: 2-5% Precipitation: cm
Elevation: 976 ft
Permeability: Moderate
Drainage: Well drained
Erosion and Deposition: Slight
Family Control Section: 25-100 cm Runoff: Slight
Diagnostic Horizons: Mollic Land Use: Cropland
Described By: Amir Charkhabi Sample Date: 9-7-88
(Color and consistence are for moist soil)
Ap—0 to 5 cm; dark brown (lOYR 3/3) loam; moderate fine to medium
subangular blocky structure; friable; mildly alkaline; violently effer
vescent; clear smooth boundary.
A1—5 to 19 cm; very dark grayish brown (lOYR 3/2) loam; moderate
medium subangular blocky structure; friable; mildly alkaline; slightly
effervesent; abrupt smooth boundary.
A2—19 to 30 cm; reddish brown (5YR 5/4) sandy loam; moderate
medium subangular blocky structure; friable; mildly alkaline; slightly
effervescent; clear smooth boundary.
A3—30 to 43 cm; reddish brown (SYR 5/3) sandy loam; weak fine
subangular blocky structure; very friable; mildly alkaline; slightly
effervescent; clear smooth boundary.
Cgl—43 to 71 cm; light olive (5Y 6/2) sandy loam; weak medium
subangular blocky structure to massive; very friable; mildly alkaline;
violently effervescent; abrupt smooth boundary.
Cg2—71 to 114 cm; mottled brownish yellow to light olive gray
(lOYR 6/6 to 5Y 6/2) loam; moderate medium subangular blocky structure;
friable; moderately alkaline; violently effervescent; gradual smooth
boundary.
C—114 to 213 cm; yellowish brown (lOYR 5/4 to 5/8) loam; common
medium to coarse light brownish gray strong brown (lOYR 6/2 and 7.5YR
5/6 to 5/8) mottling; moderately alkaline; violently effervescent.
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APPENDIX V: LABORATORY DATA FOR STAHSTICAL ANALYSES
N
ap
m
it
S
U
«
CM
pt
h
S
an
d
F
l.
tl
lc
C
e.
ai
lt
C
la
y
OC
€l
*v
.
H
el
li
e
ap
ip
ad
on
D
ep
th
to
ea
rb
on
at
aa
da
pt
h
to
>
2h
i
va
li
M
/C
hr
ea
a
K
5
5
-1
3
8
5
5
1
3
8
8
1
3
8
8
1
3
8
8
1
-0
0
1
-0
0
1
-0
0
1
-0
0
v
o
o
1
-0
0
(c
m
)
-
-
0
-1
5
1
5
-3
0
3
0
-4
5
4
5
-6
0
6
0
-7
5
7
5
-9
0
2
2
.4
2
3
.0
2
4
.6
2
8
.6
3
3
.0
7
.2
*
—
3
4
.2
3
3
.1
3
0
.2
2
7
.0
2
2
.1
2
2
.6
1
6
.5
1
6
.7
1
6
.9
1
4
.6
1
3
.a
1
4
.0
2
4
.9
2
7
.3
2
8
.3
2
9
.9
3
1
.1
2
6
.2
1
-0
0
9
0
-1
0
5
3
9
.2
2
1
.1
1
8
.0
2
1
.7
1
-1
0
0
1
-1
0
0
1
-1
0
0
1
-1
0
0
1
-1
0
0
0
-1
5
1
5
-3
0
3
0
-4
5
4
5
-6
0
6
0
-7
5
3
1
.1
3
4
.3
3
8
.4
4
1
.2
3
9
.5
2
4
.4
2
1
.1
1
9
.3
1
6
.9
2
0
.1
2
0
.0
1
9
.2
1
7
.2
1
7
.9
1
6
.1
2
4
.5
2
5
.4
2
5
.1
2
4
.0
2
4
.3
1
-1
0
0
7
5
-9
0
3
9
.8
2
4
.1
1
7
.7
1
8
.5
1
-1
0
0
9
0
-1
0
5
1
-2
0
0
1
-2
0
0
1
-2
0
0
1
-2
0
0
1
-2
0
0
1
-2
0
0
0
-1
5
1
5
-3
0
3
0
-4
5
4
5
-6
0
6
0
-7
5
7
5
-9
0
4
0
.3
2
5
.4
1
7
.7
1
6
.6
2
3
.2
2
4
.2
2
5
.5
2
6
.6
2
6
.4
3
2
.4
3
0
.9
2
8
.1
2
5
.5
2
5
.2
2
5
.^
2
2
.1
2
1
.5
2
2
.1
2
0
.9
2
0
.8
1
7
.3
1
7
.7
2
4
.4
2
5
.7
2
8
.0
2
7
.3
3
0
.9
2
7
.8
1
-2
0
0
9
0
-1
0
5
3
6
.3
2
0
.2
1
9
.7
2
3
.8
1
-2
0
0
1
0
5
-1
2
0
4
0
.7
2
0
.S
1
6
.3
2
2
.7
<
•}
2
.6
3
2
.3
9
1
.9
7
1
.3
2
2
.3
6
1
.8
1
1
.1
2
0
.7
7
2
.8
2
1
.9
9
1
.8
6
1
.6
8
1
-3
0
0
0
-
1
5
1
-3
0
0
1
5
-3
0
2
7
.7
3
0
.7
3
3
.3
3
9
.0
4
8
.0
5
1
.5
3
6
.0
2
4
.4
2
2
.2
2
5
.7
2
.5
2
1
.4
2
0
.1
2
7
.8
1
.8
8
1
-3
0
0
1
-3
0
0
1
-3
0
0
1
-3
0
0
1
-3
0
0
3
0
-4
5
4
5
-6
0
6
0
-
7
5
7
5
-9
0
9
0
-1
0
5
2
0
.7
1
7
.9
1
4
.9
1
4
.2
2
3
.7
1
7
.6
1
5
.6
1
3
.3
1
3
.3
1
8
.6
2
8
.5
2
7
.5
2
3
.9
2
1
.0
2
1
.5
1
.3
8
0
.7
2
1
-4
0
0
1
-4
0
0
1
-4
0
0
1
-4
0
0
1
-4
0
0
1
-4
0
0
0
-1
5
1
5
-3
0
3
0
-4
5
4
5
-6
0
6
0
-7
5
7
5
-9
0
2
1
.8
3
0
.8
2
0
.2
2
7
.2
2
.9
3
2
1
.4
1
9
.0
1
4
.2
9
.9
7
.9
3
0
.1
3
1
.4
3
3
.5
3
7
.1
3
7
.3
2
0
.7
1
9
.3
1
9
.9
1
8
.6
1
7
.8
2
7
.8
3
0
.3
3
2
.4
3
4
.5
3
7
.0
1
-4
0
0
9
0
-1
0
5
2
0
.8
2
7
.3
2
2
.4
2
9
.5
1
-4
0
0
1
0
5
-1
2
0
4
7
.2
1
0
.0
1
3
.6
2
9
.3
1
-5
0
0
1
-5
0
0
1
-5
0
0
1
-5
0
0
0
-1
5
1
5
-3
0
3
0
-4
5
4
5
-6
0
4
1
.5
3
9
.4
4
0
.0
4
9
.6
1
2
.7
1
1
.2
1
0
.6
8
.2
2
1
.3
2
6
.6
2
1
.9
1
8
.0
2
4
.5
2
2
.8
2
7
.5
2
4
.2
2
.2
6 2
1
.6
1
.9
8
1
.0
1
0
.6
1
2
9
9
.4
2
6
1
2
9
9
.4
5
3
3
2
9
9
.2
9
6
1
2
9
9
.2
3
4
1
2
9
9
.0
4
5
6
2
9
7
.9
2
2
8
(
c
n
)
1
0
0 7
0
1
0
9
8
9
>
1
4
2
1
0
7
5
0
2
/1
9
0
2
/1
9
0
2
/1
8
5
2
/2
1
8
2
/2
U
p
p
er
B
4
/2
to
4
/3
4
/2
4
/2
4
/3
to
4
/4
4
/3
4
/3
s
C
0
0
H
ap
un
U
S
it
*
to
p
th
S
an
d
F
l.
a
il
t
C
e.
at
it
C
la
y
OC
E
la
v.
M
et
li
e
ap
ip
ad
on
D
ap
th
to
ca
rb
on
at
at
oa
pt
h
to
5
5
1
0
7
5
5
-1
3
8
8
5
5
5
5
-1
3
8
8
(
o
a
)
1
-5
0
0
6
0
-7
5
1
-5
0
0
7
5
-9
0
1
-5
0
0
9
0
-1
0
5
1
-5
0
0
1
0
5
-1
2
0
1
-6
0
0
1
-6
0
0
1
-6
0
0
1
-6
0
0
1
-6
0
0
1
-6
0
0
1
-7
0
0
1
-7
0
0
1
-7
0
0
1
-7
a
J
1
-7
0
0
2
-0
0
2
-0
0
2
-
0
0
2
-0
0
2
-0
0
2
-0
0
2
-0
0
2
-
0
0
2
-
0
0
2
-1
0
0
2
-1
0
0
2
-1
0
0
2
-1
0
0
2
-1
0
0
2
-1
0
0
2
-1
0
0
2
-2
0
0
2
-2
0
0
2
-2
0
0
2
-2
0
0
2
-2
0
0
0
-1
5
1
5
-3
0
3
0
-4
5
4
5
-6
0
6
0
-7
5
7
5
-9
0
0
-1
5
1
5
-3
0
3
0
-4
5
4
5
-6
0
6
0
-7
5
0
-
1
5
1
5
-3
0
3
0
-4
5
4
5
-6
0
6
0
-7
5
7
5
-9
0
9
0
-1
0
5
1
0
5
-1
3
5
1
3
5
-1
5
3
0
-1
5
1
5
-3
0
3
0
-4
5
4
5
-6
0
6
0
-7
5
7
5
-9
0
9
0
-1
0
5
2
-1
0
0
1
0
5
-1
2
0
2
-1
0
0
1
2
0
-1
5
0
0
-
1
5
1
5
-3
0
3
0
-4
5
4
5
-
6
0
6
0
-7
5
5
0
.2
3
1
.9
1
9
.6
5
1
.1
3
9
.7
4
1
.0
4
5
.9
4
8
.7
5
5
.0
3
7
.4
2
6
.6
2
7
.3
3
6
.9
4
6
.3
2
4
.5
2
1
.5
1
7
.4
1
5
.9
2
1
.2
3
0
.8
3
4
.9
3
0
.7
4
8
.4
2
4
.2
1
6
.0
1
6
.8
1
9
.9
2
6
.6
5
2
.7
6
1
.6
7
2
.7
8
3
.3
2
6
.7
2
3
.0
2
5
.7
3
1
.7
3
7
.7
8
.2
1
7
.8
2
3
.8
1
7
.2
2
3
.9
2
7
.0
2
6
.7
2
9
.6
2
4
.0
1
3
.4
1
8
.3
1
7
.1
1
9
.4
2
1
.5
1
8
.9
2
.0
2
2
2
.5
2
0
.9
1
6
.9
2
.8
5
1
5
.5
2
0
.3
2
2
.3
1
.4
4
1
2
.1
1
7
.7
2
4
.3
0
.8
6
.5
1
9
.1
2
5
.7
0
.4
1
9
.3
2
6
.1
7
.2
2
1
.6
1
4
.9
1
9
.9
1
4
.9
2
7
.8
2
.5
4
2
1
.2
2
4
.0
2
8
.2
2
.4
5
2
0
.8
2
1
.2
3
0
.7
1
.8
1
7
.4
1
7
.9
2
7
.8
0
.7
9
1
3
.9
1
5
.1
2
4
.7
9
.9
1
1
.7
2
2
.1
1
0
.1
1
5
.4
1
8
.6
1
8
.7
2
9
.6
2
7
.3
2
.9
2
9
.3
2
0
.5
2
8
.7
2
.9
5
2
6
.1
2
4
.8
3
1
.8
2
.4
8
2
6
.1
2
6
.6
3
1
.4
2
.1
5
2
7
.4
1
9
.8
3
1
.6
2
3
.0
1
7
.7
2
8
.5
2
3
.8
1
6
.8
2
4
.5
2
1
.1
3
0
.1
1
8
.1
2
1
.8
1
8
.9
1
0
.9
2
9
.3
1
9
.7
2
6
.8
3
.3
4
2
8
.1
2
2
.2
3
3
.6
3
.2
2
4
.9
2
3
.5
3
4
.9
2
.9
2
2
3
.8
2
2
.0
3
4
.2
1
.3
2
8
.1
1
2
.9
3
2
.5
1
6
.0
6
.7
2
4
.6
1
0
.5
6
.3
2
1
.6
6
.4
4
.7
1
6
.3
4
.3
3
.0
9
.4
2
6
.5
2
1
.8
2
5
.1
3
.2
6
3
0
.3
1
9
.3
2
7
.4
3
.0
2
2
7
.5
1
8
.1
2
8
.7
2
.7
7
2
4
.3
1
5
.8
2
8
.2
1
.4
5
2
1
.1
1
5
.1
2
6
.0
(»
)
2
9
6
.9
7
2
9
6
.3
6
2
9
9
.8
3
2
9
9
.5
6
2
9
9
.3
2
•<
ca
i)
-
41
9
7
2
/2
6
1
9
4
6
5
2
/2
6
1
1
3
5
8
5
2
/2
5
8
>
1
5
2
7
5
2
/2
4
1
1
1
7
6
5
3
/2
V
a
lu
c
/C
h
ro
a
*
U
p
p
er
8
4
/3
4
/3
-4
/2
4
/2
v
O
4
/2
4
/4
to
4
/2
M
ap
u
n
it
S
it
e
O
ap
th
S
an
d
F
i.
a
il
t
C
e.
ai
tt
C
la
y
OC
E
la
v.
N
el
li
e
ap
ip
ad
on
O
ap
th
to
ca
rb
on
at
at
O
ap
th
to
>2
m
i
V
a
lu
e
/O
io
rm
a
B
4
/2
5
5
1
5
8
g
5
5
1
0
7
(
e
n
)
2
-2
0
0
7
5
-9
0
2
-2
0
0
9
0
-1
0
5
2
-2
0
0
1
1
S
-U
0
2
-3
0
0
2
-3
0
0
2
-3
0
0
2
-3
0
0
2
-3
0
0
2
-3
0
0
2
-3
0
0
0
-1
5
1
5
-3
0
3
0
-4
5
4
5
-6
0
6
0
-7
5
7
5
-9
0
9
0
-1
0
5
2
-3
0
0
1
0
5
-1
2
0
2
-3
0
0
1
2
0
-1
5
0
2
-3
0
0
1
5
0
-1
7
5
2
-4
0
0
2
-
4
X
2
-4
0
0
2
-4
ra
2
-4
0
0
2
-4
0
0
2
-4
0
0
0
-1
5
1
5
-3
0
3
0
-4
5
4
5
-6
0
6
0
-7
5
7
5
-
9
0
9
0
-1
0
5
2
-4
0
0
1
0
5
-1
2
0
2
-4
0
0
1
2
0
-1
4
5
2
-4
0
0
1
4
5
-1
7
0
2
-4
0
0
1
7
0
-1
7
7
2
-5
0
0
2
-5
0
0
2
-5
0
0
2
-5
0
0
2
-5
0
0
2
-5
0
0
2
-5
0
0
0
-
1
5
1
5
-3
0
5
0
-4
5
4
5
-6
0
6
0
-7
5
7
5
-
9
0
9
0
-1
0
5
2
-5
0
0
1
0
5
-1
2
0
2
-5
0
0
1
2
0
-1
4
5
2
-5
0
0
1
4
5
-1
6
S
2
-6
0
0
2
-6
0
0
2
-6
0
0
2
-6
0
0
2
-6
0
0
2
-6
0
0
2
-6
0
0
0
-1
5
1
5
-3
0
3
0
-4
5
4
5
-6
0
6
0
-7
5
7
5
-9
0
9
0
-1
0
5
3
6
.0
3
4
.2
3
7
.4
1
4
.9
1
0
.0
1
1
.0
1
1
.2
1
0
.4
1
4
.9
4
0
.7
4
4
.6
6
2
.6
5
0
.3
2
4
.8
1
5
.0
1
3
.1
1
5
.5
1
8
.1
2
4
.2
3
3
.5
3
0
.2
2
5
.1
3
1
.3
4
7
.9
3
7
.1
3
9
.6
3
6
.0
3
1
.6
2
6
.6
2
6
.4
2
1
.6
1
8
.6
2
2
.3
1
9
.6
2
7
.5
2
8
.7
3
0
.1
2
9
.6
4
0
.2
2
1
.4
5
8
.5
2
2
.2
2
3
.9
2
6
.5
3
6
.1
4
3
.2
4
0
.9
4
1
.2
3
6
.2
3
1
.6
2
2
.0
2
1
.1
1
4
.4
2
0
.8
2
8
.0
3
3
.2
3
6
.7
3
2
.1
2
8
.6
2
6
.8
2
4
.2
2
4
.4
2
8
.9
2
7
.7
1
6
.6
2
3
.6
2
3
.0
2
4
.2
2
8
.3
3
0
.8
3
0
.4
3
3
.1
3
3
.4
2
8
.3
3
1
.0
3
0
.3
2
6
.3
2
9
.5
2
9
.2
2
2
.7
1
7
.5
1
4
.1
-
-
X
•
1
7
.2
1
6
.4
1
7
.1
1
8
.1
1
5
.0
1
6
.4
1
5
.2
1
6
.5
2
0
.4
1
3
.7
1
1
.0
6
.6
2
2
.5
2
1
.2
2
1
.4
1
8
.2
2
2
.5
2
4
.6
2
2
.6
1
6
.9
2
1
.7
2
5
.7
2
2
.6
2
2
.4
1
8
.1
1
6
.6
1
6
.9
1
7
.2
1
7
.9
1
9
.3
1
6
.9
2
0
.5
2
2
.9
2
4
.1
1
6
.7
2
0
.1
1
5
.3
1
2
.5
1
0
.6
3
9
.3
9
.1
2
4
.7
2
3
.6
1
9
.1
2
6
.9
3
1
.8
3
1
.6
3
2
.4
3
4
.9
3
3
.1
2
3
.6
2
3
.3
1
6
.4
6
.4
2
6
.0
3
0
.4
3
0
.0
2
9
.9
2
8
.3
2
6
.4
2
3
.3
2
3
.6
2
0
.3
1
8
.4
1
3
.0
2
1
.0
2
0
.6
2
0
.9
2
2
.7
2
4
.7
2
3
.9
2
6
.2
2
7
.3
2
6
.5
2
5
.3
2
3
.5
2
2
.9
2
5
.1
2
6
.5
2
6
.5
2
1
.6
1
8
.3
3
.6
7
3
.6
4
3
.6
4
2
.4
5
2
.5
2
2
.2
4
2
.1
2
1
.7
7
2
.0
4
2
.0
3
1
.9
6
1
.9
2
.8
2
.7
2
1
.7
1
1
.2
3
(•
)
2
9
9
.1
6
2
9
9
.0
0
2
9
6
.5
2
2
9
6
.6
9
•
(
«
)
•
(c
a
n
)
6
1
1
5
0
9
0
2
/1
1
5
1
4
5
7
5
2
/2
4
/3
9
7
>
1
7
5
1
0
5
4
/3
7
6
1
3
7
7
0
3
/1
to
2
/1
5
/2
N
J
o o
Na
p
i^
it
S
it
*
Oa
pt
h
Sa
nd
F
i.a
tU
C
a.
ai
lt
Cl
ay
OC
fl
av
.
N
at
lie
ap
tp
ad
on
Da
ptl
i
to
ca
rb
m
(a
a
»a
pt
li
to
>
2n
Va
lu
a/C
hr
ea
H
1
0
7
(e
n
)
2
-6
0
0
1
0
5
-1
2
0
4
6
.0
1
9
.7
1
3
.5
1
9
.9
2
-6
0
0
1
2
0
-1
3
5
3
9
.5
2
3
.4
1
6
,7
2
0
.3
2
-6
0
0
1
3
5
-1
6
0
3
9
,9
2
2
.2
1
7
.6
2
0
.3
2
-6
0
0
1
6
0
-1
8
5
3
9
.4
2
5
.6
1
8
.0
1
7
.0
2
-6
0
0
9
0
-1
0
0
6
5
.3
9
.0
1
1
.5
1
4
.2
2
-7
0
0
0
-1
5
2
6
.1
2
9
.8
1
9
.0
2
S
.0
3
.1
3
2
-7
0
0
1
5
-3
0
1
7
.3
2
9
.0
2
8
.2
2
S
.S
2
.7
9
2
-7
0
0
3
0
-4
5
4
4
,7
2
3
.4
9
.7
2
2
.2
2
.0
4
2
-7
0
0
4
5
-6
0
3
9
.2
1
9
.2
2
0
.4
2
1
.2
1
,2
8
2
-7
0
0
6
0
-7
5
5
0
.9
1
9
.3
1
2
.4
1
7
.4
2
-7
0
0
7
5
-9
0
4
4
.2
2
2
.6
1
7
.7
1
5
,5
OC
•
o
rg
a
n
ic
ca
rb
o
n
p
e
rc
a
n
ta
g
e
(•
)
(O
i)
-
2
9
6
.0
6
5
3
<
a
i>
U
p
p
er
B
9
7
5
5
N
2
5
/2
N
J
O
c o o > L
J
3
0
0
C
)
29
9-
|
2
9
8
-
O A
O
W
E
S
T
T
R
A
N
S
E
C
T
O A
O A
29
7-
l-Q
O
su
rf
ac
e
ele
v.
lo
w
er
li
m
it
o
f
m
ol
li
c
ep
.
A
—
A
d
ep
th
to
ca
rb
o
n
at
es
2
9
6
-
-
2
9
5
0
3
4
S
it
e
n
o
.
O
O
C
)
A
F
ig
u
re
V
-1
.
E
le
v
a
ti
o
n
,
th
ic
k
n
e
ss
o
f
m
o
ll
ic
e
p
ip
e
d
o
n
,
an
d
d
e
p
th
to
c
a
rb
o
n
a
te
s
a
t
th
e
w
es
t
tr
a
n
se
c
t
O N
3
c o U
-' o > Q
>
L
U
E
A
S
T
T
R
A
N
S
E
C
T
3
0
0
(
)
2
9
9
-
-
O
O
O
2
9
8
-
-
A
2
9
7
--
0
O
su
rf
ac
e
el
ev
.
lo
w
er
li
m
it
o
f
m
ol
li
c
ep
.
A
A
d
ep
th
to
ca
rb
o
n
at
es
2
9
6
-
-
2
9
5
0
S
it
e
n
o
.
F
ig
u
re
V
-2
.
E
le
v
at
io
n
,
th
ic
k
n
es
s
o
f
m
o
ll
ic
ep
ip
ed
on
,
an
d
d
ep
th
to
ca
rb
o
n
at
es
a
t
th
e
e
a
st
tr
an
se
ct
N
J
o O
J
204
APPENDIX VI: X-RAY DIFFRACTOGRAMS OF THE Cgl HORIZON
OF THE NICOLLET LOAM SOIL WITH DIFFERENT
TREATMENTS
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